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INTRODUCTION TO THE NATURAL LIFE CYCLE OF VERTEBRATE POLYOMAVIRUSES
Members of the subfamily Polyomavirinae infect an array of vertebrate species. Although the ability of mouse polyomavirus (Py) to induce tumors in inbred mice and hamsters is very well studied and provides a productive transformation model, it nevertheless surprises most readers to learn that none of the Polyomavirinae family members are known to cause tumors in natural settings or natural hosts. In fact, many a review or textbook on polyomavirus tumor biology will introduce the premise that these viruses have two life cycles, a transforming cycle and a lytic cycle, and that transformation requires a nonproductive or abortive infection, i.e., that the viral early transforming genes must hijack host DNA synthesis and induce otherwise quiescent host cells to enter S phase in preparation for the lytic replication of virus. Although seemingly logical, this concept has fatal flaws; most obviously, it completely ignores all our biological observations of naturally infected host populations which fail to support it and can contradict these views. If anything, biological studies support the converse view, i.e., that cells must already be cycling or differentiating in order to support the lytic replication of polyomaviruses. We thus attempt to deduce the natural setting in which Py middle T antigen (MT) must function and hence its role in the virus life cycle. This may shed light on how MT, in some instances, perturbs cellular regulation to lead to transformation when this process is essentially nonexistent in natural settings.
The members of the Polyomavirinae are small, nonenveloped, double-stranded DNA viruses with icosahedral capsids. Following its discovery in 1953 by Gross, the ecology of Py in the wild was first explored by Rowe in the early 1960s. From 1959 to 1960, Rowe and colleagues captured mice throughout New York City and in rural farms in Maryland. Collections from both locations were considered to be wild mice, as opposed to inbred laboratory strains (288, 290) . They found that not only was Py infection clinically inapparent and focal, but also it remained persistent in the population at roughly the same frequency. Although virus was found in various organs of the mice and in the excreta and environment (floor sweepings), urine appeared to be the source of persistence and spread of the virus in a population (upwards of 10 3 50% infective doses /0.2 ml excreted in the urine for months from infected newborns) (289) . Additional studies in farms and grain and feed mills of rural Maryland revealed that only areas with sustained breeding conditions had significant Py-positive mice, consistent with infection of newborns (154) . Thus, the life cycle of mouse and other mammalian polyomaviruses involves lifelong persistent infections. All mice in these experiments were Mus musculus, but this nomenclature would correspond to Mus musculus domesticus or the more current name of Mus domesticus. Natural Py infection was not found in other rodents when the hemagglutination inhibition assay was used to detect Py in previously collected serum, including a limited survey of wild mice (Mus [rural, not associated with human dwellings], Peromyscus, Microtus, Perognathus, and Reithrodontomus) and rats (Rattus, Neotoma, and Dipodomys), although the level of Py infection in the local mice was unknown at the time (275) . However, the more recent discovery of avian polyomaviruses displayed a different life cycle, which appeared to be limited to acute (not persistent) infection (355) .
The studies by Rowe also suggested that the virus is most likely to be passed from mother to offspring at birth, which is consistent with subsequent laboratory observations establishing that newborns were much more permissive for Py infection. No tumors were observed in such Py-infected mice. One of the conclusions was that under natural conditions, Py does not induce tumors. Rowe suggested four main reasons to explain this conclusion: the protection from maternally transmitted antibodies, the low probability of infection during the small window of neonatal susceptibility, the low dosage of virus likely to be acquired by inhalation (or ingestion), and the effectiveness of the cell-mediated immunity in adult mice. These findings were also consistent with evaluations of tumor incidence rates in large breeding colonies containing Py-infected and uninfected mice which showed no increase in tumor rates in Py-infected colonies (288, 290) . Later studies by Gardner also supported this view (124) . He surveyed wild-mouse colonies in the Los Angeles area and found only one colony to be highly infected with Py (numerous separate collections were made). His original theory was that Rowe had not waited long enough in his studies for tumors to develop and that mice may show the higher incidence of Py-induced tumors if kept alive for over 2 years. He observed that Py infection did not increase the number of tumors in old age by comparing a heavily Py-infected colony (40%) with a lightly Py-infected colony (0.6%) for an extended period. In addition, even in immunosuppressed mice, tumors were not observed. His conclusion in the end was the same as Rowe's, namely, that Py does not cause cancer in the natural host under natural conditions. Similar conclusions would apply to the other members of Polyomavirinae, such as the primate simian virus 40 (SV40), and the human BKV and JCV. Although highly prevalent, persistent, and even productive in their natural host and containing a large T antigen (LT) that binds p53 and Rb, these viruses are not associated with tumors in their natural hosts, although there have been reports of a possible connection between the presence of primate SV40 sequences and human malignant mesotheliomas (221) . Considering how many people worldwide (including many with immunosuppressive disease) are infected with these agents and able to produce virus and express viral proteins, the lack of observed transformation is compelling and may suggest that our animal tumor studies may not be evaluating a biologically likely phenomena. In other words, not all mechanisms of transformation may be equally valid or biologically relevant. The Py tumor studies may therefore not identify mechanisms that are prevalent causes of human cancer. Therefore the linguistically "meatless" name "polyomavirus" appears not to describe the life-style of any of these agents but reflects phenomena (tumors) that can be induced in specific laboratory settings, such as the inoculation of specific inbred mouse strains within 24 h of birth (76) .
The natural life cycles of the mammalian polyomaviruses, however, do seem similar in many respects. The best studied of these viruses (SV40, BKV, JCV, and Py) all appear to establish primary (and generally inapparent) infections via the respiratory tract or associated organs in the newborn host and then establish persistent inapparent infections in the kidneys, with periodic or episodic shedding of infectious virus from adults into the urine. Only in Py have the specific cell types that support primary and secondary infection been identified. Here, primary infection is almost completely restricted to a very specific cell type, the nonciliated epithelial cells (Clara cells) of the bronchi and bronchioles (131) . Newborn immature Clara or Clara-like cells are especially permissive for Py infection, and essentially every Clara cell in the newborn lung will support Py replication. However, 4 days after birth, these cells become considerably less permissive and this reduced permissiveness is maintained in the adult lung. As this period of permissiveness corresponds to active Clara cell division and differentiation (the transition to mature Clara cells and ciliated epithelial cells), Py would appear to replicate best in differentiating cells.
The close connection between Py replication and differentiation was first proposed by us to explain why mice have certain tissues (lung and kidney tissues) which will support efficient Py replication only in newborns, not adults, whereas other tissues which continue to differentiate (bone, skin, and mammary gland) can efficiently replicate Py in adults (381) . Subsequent in vivo experiments by us, in which adult kidneys were damaged and induced to differentiate, showing that these differentiating tubular epithelial cells better support Py replication, were consistent with this view (13) . In addition, we showed that mice with a genetic form of polycystic kidney disease in which kidney epithelia proliferate but do not differentiate into tubular epithelia were not permissive for Py replication, suggesting that terminal differentiation, not proliferation, is needed in permissive cells (14) . The general conclusion from all these studies is that Py resembles the papillomaviruses in its requirement for host cell terminal differentiation for productive infection. If this is so, the prevalent view that a role of the products of the viral early genes is to induce quiescent cells into S phase and the full cell cycle in preparation for viral DNA synthesis must necessarily be wrong in natural settings. It seems more likely that the natural role of these proteins would instead be to alter the programming that normally occurs during terminal differentiation of host cells, in order to maintain in these infected cells the capacity for virus DNA synthesis and replication, which would otherwise normally be suppressed. Given this renewed view of Py biology, we can now consider the specific characteristics of MT in relationship to host cell differentiation.
Origins of Middle T Antigen, an Evolutionary Conundrum
Polyomavirus evolution. Although Polyomavirinae family members establish prevalent persistent infections in their beststudied host (mouse, human, or primate), it is curious that related virus types (small icosahedral, nonenveloped doublestranded DNA viruses) are not found in nonvertebrate species, given the relative simplicity of this virus family and its parasitic dependence on host replication proteins. In addition, mammalian and avian species of polyomavirus seem to differ significantly in their biology, as noted above, in that the avian versions can infect multiple species and do not appear to establish persistent infections (262, 286, 355) . Furthermore, the mammalian but not the avian polyomaviruses appear to be phylogenetically congruent with the evolution of their host, which suggests that polyomaviruses have been infecting their current mammalian host since their divergence from common ancestors (1, 139, 310, 323) . Of particular interest to this review, however, is that it appears that only the rodent polyomaviruses code for the production of a MT. All the other polyomaviruses seem able to code for LT and small T antigen (ST) (although the ST for bovine polyomavirus is still questionable) but not MT. Why might this viral gene have evolved in the rodent lineage?
Is middle T antigen needed to offset a lost p53-large Tantigen interaction? One correlate that may suggest a distinct strategic difference between mouse (rodent) and other mammalian polyomaviruses is that, unlike nonrodent polyomaviruses, mouse LT lacks a p53 binding site, although Rb binding activity is conserved. This could suggest that MT may have evolved after the divergence of common ancestors and that lost p53 binding function was offset by the creation of MT. The bovine LT appears similar (and may encode a protein that appears to be ST) to the primate version. As bovines diverged very early from other mammals (including rodents), it seems likely that the early version of Py had an LT that bound p53 and pRb and had a functional ST, but no MT, and that MT was established only relatively late in the rodent lineage. Although it is apparent that the polyomaviruses of primates and rodents evolved from the same ancestor about 80 million years ago, it seems almost impossible, conceptually, that a mere LT reading frame shift could have fortuitously resulted in the complex, multitask MT protein we know today (316) . Since there are no known host analogues of MT, we cannot identify a possible source of MT sequences and currently have no explanation for this conundrum.
Within the rodent MT sequences, some differences are known which might help understand the function and evolution of this gene. The hamster polyomavirus (HaPV) was isolated in 1967 from hair follicle tumors arising spontaneously in young inbred Syrian hamsters (134) . The life strategy of the virus appears similar to that of Py in that a majority of the virus was found only in the upper keratinized cell layer, reminiscent of the differentiation strategy used by Py in mammary glands, bone surfaces, and skin (356) . However, unlike Py, the tumors that arise do not have virus (HaPV) present, at least not in the lymphomas or leukemias found in the hamsters (133) . This difference in tumor profiles between Py and HaPV appears to be associated with the different strategies used by their respective MTs (for a review, see reference 97). One key difference is the lack of a Shc binding site in hamster MT, a site that appears to be quite important for the MT-activated downstream signal transduction pathways (as explained below) (39, 64) . This gives us a clue that MT may have evolved along with the rodent lineage, acquiring along the way the complex array of phosphorylation sites that bind and activate signal transduction proteins.
MT is probably a recently evolved protein among polyomaviruses in that comparisons of the genomes among HaPV, SV40, BKV, murine Py, and the monkey lymphotrophic polyomavirus LPV have demonstrated that the highest stretch of conservation is in the late region and portions of LT (264, 356) . The 12 types of polyomaviruses identified so far are two human (JCV and BKV), two monkey (SV40 in rhesus monkeys and LPV in African green monkeys), Chacma baboon (simian agent 12 [SA12]), rabbit (rabbit kidney vacuolating virus), two mouse (Py and K virus), rat, hamster (HaPV), bovine, and avian (budgerigar fledgling disease virus) viruses (for a review, see reference 264). Recent papers have shown that the avian polyomaviruses may all belong to one group, but none seem to be very species specific (163, 189, 262) . Only the hamster and one of the mouse types, Py, are known to encode an MT (rabbit and rat polyomaviruses remain unsequenced). It is predicated that the rat version should have an MT, since hamsters diverged prior to rats and mice and their polyomavirus (HaPV) encodes an MT. A more thorough examination of polyomavirus throughout the rodent lineage may at least give a time frame for the evolution of MT, since it remains curious that the primate versions and other nonrodent forms of polyomavirus do not even have remnants of coding capabilities for the central portion of the MT sequence.
The nine sequenced versions of polyomavirus fall into categories that closely resemble evolutionary lineages. Based on LT analysis, JCV, BKV, SA12, and SV40 are 75% identical, while HaPV, K virus, LPV, and Py are around 50% identical to each other and to other members, and the most remote evolutionarily, the avian and bovine lineages, also have polyomavirus versions which are less than 15% identical to other members (264) . Certain functional domains of LT (ATPase binding domain, DNA binding domains, zinc finger, nucleotide binding fold, nuclear localization signal, and CR1-and CR2-like sequences) have been well conserved except among the avian polyomaviruses, suggesting an absolute requirement for viral function. Other domains (carboxy terminus associated with host range function, general size of LT, and ability to bind p53) have diverged. The members of primate lineage (SV40, BKV, JCV, and SA12) all have a carboxyl-terminal domain in LT not found in the other lineages, but the other lineages without this domain all have an insertion in the amino-terminal half of the early region. The bovine polyomavirus, probably the most ancient among the mammalian polyomaviruses, does not appear to code for an ST and has a smaller coding sequence for LT. The important PP2A binding domain (as mentioned below) of ST is made only upon splicing out the second intron (and not the first from an unusual LT with two introns), which appears to show how evolution could have produced ST (although bovines do not appear to normally produce this protein). However, sequences coding for MT are still a mystery since they do not appear until late in the rodent lineage (303) . Interestingly, the polyomaviruses that have LT proteins without the carboxyterminal domain are those that encode an MT. The p53 binding domain overlaps the ATPase domain and blurs the distinction, leaving us unable to determine the conservation of the region for p53 alone. The inability of Py to bind p53 comes back again as the primary difference in primate versus rodent polyomaviruses and as a potential reason for (or consequence of) the evolution of MT. This would indicate that certain circuits must be reprogrammed by the virus and that the lineages of polyomaviruses simply contain divergent proteins which converge on the same ultimate effects on cell regulation.
Relevance of the p53-Large T-Antigen Interaction and Host Cell Growth Control
Implications of p53 within polyomavirus infections. The different interactions between mouse and primate LT and p53 might account for the need for mouse MT and the elimination of the p53 binding ability of Py LT. The mammalian polyomaviruses are highly species specific, and it was originally established that the species-specific DNA polymerase ␣-primase complex was the only factor that determined the tropism of SV40 or Py (240, 241) . However, later evidence showed that the murine p53 blocked the ability of SV40 to grow in primatespecific extracts while Py, lacking a p53 binding site, was able to replicate in vitro within mouse-specific extracts in the presence of murine p53 (360) . It was concluded that lack of p53 binding of Py LT may be due to an evolutionary need to avoid this repression (360) . One example of this need that may have influenced Py evolution is the ability of p53 to repress or transactivate the proliferating-cell nuclear antigen (PCNA) (a requirement for Py DNA replication) promoter depending on the species and the cell type (78, 161, 227, 299, 313, 385) . Further experiments demonstrated that human p53 did not prevent SV40 replication in Cos cells (SV40-transformed fibroblast-like cells from CV-1 cells derived from adult African green monkey kidneys) whereas murine p53 did prevent this replication (37) . Specifically, murine p53 interferes with the presynthesis stages, namely, the helicase activity of SV40 LT, but not the ATPase activity (360) . Furthermore, SV40 LT cannot bind DNA polymerase ␣ when associated with murine p53 (121, 315) . The mouse p53 displaces the polymerase ␣ from SV40 T antigen, preventing replication from occurring, which may suggest a role of p53 in initiating or maintaining replicative DNA synthesis (360) . This clearly indicates a difference between the mouse and human/simian forms of p53 and perhaps even a role that was acquired specifically in the primate (and bovine, possibly others) lineage but is not found in the mouse lineage. Although the human and mouse p53 proteins are only 78% homologous (with ranges from 37 to 92% among the codons), there are few if any indications that the mouse p53 and its related cell cycle, apoptosis, and other functions are effectively different from the human p53 (31, 249, 318) . Thus, it is not obvious why the LT would differ in its ability to bind p53.
Middle T antigen and p53. Most DNA tumor viruses, including nonrodent polyomaviruses, papillomavirus, and adenovirus, have a mechanism for inactivating p53 (for a review, see reference 338). However, since Py LT does not directly interact with p53, the most obvious possibility, which has frequently been noted in the literature, is that MT function evolved to offset the lost interaction of mouse LT with p53. This would suggest that MT must act on the host p53 regulatory pathway someplace downstream of LT-p53 binding, such as p53 transactivation during cell cycle arrest and/or p53-induced apoptosis. However, there is no clear evidence that this is the case for Py, although there is recent support for the notion that the downstream functions of src may be to counter the negative effect of p53 on growth regulation (41, 89, 107, 232) . The expression of MT (or LT) does not coincide with the activity of p53 or the levels of its expression during Py-induced tumorigenesis (within the limited number of tumors analyzed) (266) . No conclusion was reached on whether anti-apoptotic functions of p53 were being manipulated by downstream signal transduction targets of MT, but it was clear that p53 transactivation abilities were not changed by the levels of MT (83, 266) . Some of the tumors analyzed (sarcomas) did have mu-tated forms of p53 with affected transactivation abilities, but the number was similar to that of non-virus-associated tumors and could not be accounted for by Py-selected pressure. Furthermore, Py infection of wild-type or p53 knockout (Ϫ/Ϫ) mice (of those mice susceptible to Py-induced tumors) resulted only in a change in the time of tumorigenesis rather in the type or frequency of tumor found (83) . A similar study done with cell cultures showed that the activities of p53 were not affected in the Py transformation of established rat embryo fibroblasts (REF52). Nevertheless, MT alone, as opposed to the entire early region required to transform these cells, could transform the cells in the absence of p53 (dominant negative p53 transfected into the REF52 cells) (232) . Although these studies conclude that MT does not affect p53 directly, they do not rule out the possibility that MT is interfering with downstream targets of p53.
Cell culture studies using temperature-sensitive p53 in mouse embryo fibroblasts derived from a p53-null animal demonstrated that MT could not overcome p53-mediated growth arrest (70% of cells remained in G 1 G 0 ) (88) . In addition, these studies showed that MT did not induce apoptosis in these growth-arrested fibroblasts. Later studies with the same system demonstrated that MT associated with pp60 c-src , became tyrosine phosphorylated, and was associated with phosphatidylinositol (PI) 3-kinase and Shc, without affecting the p53-mediated growth arrest (89) . Furthermore, it was shown that MT did increase the levels of transcriptionally active AP-1 (PEA1) and induced the expression of c-myc in wild-type p53-mediated growth-arrested cells. These studies concluded that p53 does not interfere with MT-induced signal transduction and vice versa but may block the mitogenic signals induced by MT (similar to those of serum). The overall conclusion here seems to be that LT is needed to inactivate the tumor suppressor protein pRb while MT is required to induce the mitogenic signals, but no conclusion on how MT is still able to overcome potential p53 arrest in its ability to induce tumors was drawn. Unfortunately, these studies mainly discuss MT in terms of its function as a tumor-inducing protein only and do not address the natural function of this protein as it relates to acute or persistent infection or its replication in differentiating mouse tissues.
BRIEF HISTORY OF THE STUDY OF POLYOMAVIRUS TRANSFORMATION AND THE ROLE OF MIDDLE T ANTIGEN
". . . since its initial discovery the role of middle Tantigen in transformation has been studied almost to the exclusion of any function it might play in the life cycle of the virus" (87) The relationship between the natural and transforming activities of MT are not at all well known. The early view that MT is important to stimulate quiescent cells into S phase seemed to also explain how these genes would be able to transform cells. However, with our better understanding of the Py life cycle, in which quiescent-cell stimulation is not observed, the relationship to transformation has become less clear. A more recent view consistent with the link between Py replication and host cell differentiation would be that the early genes are needed during terminal differentiation to alter cell programming and allow terminal cells to synthesize viral DNA and make virus. The question then becomes how such an activity would relate to transformation. Although we cannot now answer this question, we can consider established transforming activities of MT from this context.
Requirements of Middle T Antigen for Transformation
The cellular transformation function of Py MT is well established and has been reviewed (159, 280, 342, 343) . MT is sufficient to transform established cell lines but requires portions of LT or even ST as well to induce transformation in primary cultures of fibroblasts (72, 191, 280) . In addition, increasing the expression of MT over levels normally associated with virus production is the only way to ultimately achieve the full characteristics associated with the transformed state (273, 275) . There is a higher stringency in establishing tumorigenesis in vivo, with the large array of tumors associated with Py developing only with the expression of MT in combination with the N-terminal region of LT and the coding region for ST (11) . In particular, the MT-associated tyrosine kinase activity (src) has been linked to the ability of Py to transform cells in culture or form tumors in animals (35, 277) . The portions of the early region of Py required and the array of tumors that develop also depend on the type of rodent used and the strain of virus, factors that are missed in vitro (12, 77, 94, 109) .
Tumor Biology
Tumor biology has been the main focus of Py literature throughout its more than 40-year history of study. This has led to a number of important discoveries, including the understanding of the roles of pRb, MT-associated signal transduction pathways involving PI 3-kinase, Shc, and phospholipase C-␥1 (PLC-␥1), and a number of other proto-oncogene products and tumor suppressor proteins associated with Py tumorigenesis (and non-Py human malignancies). Even more important is that Py allowed researchers to study a mouse model of tumorigenesis induced by known proteins in a controlled, repeatable manner.
Inbred strains, however, have been frequently selected for tumor-producing phenotypes. The 30-year debate over what allows Py to establish tumors in mice is rooted in the very fact that inbred mice have different degrees of tumor induction susceptibility. The earliest experiments maintained that it was the immune response itself that was responsible for the differing effects of Py in different mouse strains (7) . Some of these experiments involved removal of the thymus, irradiation of the mice, or the use of knockout mice (double CD4/CD8) and showed that an unsusceptible mouse strain could now be made susceptible to Py-induced tumors (8, 29, (193) (194) (195) . One of these susceptibility factors relied on the H-2 locus of the mouse. Some mice process portions of Py that are more immunogenic than others, with H-2 k (found in AKR and C3H strains of mice) being highly prone to Py-induced tumors (110, 205 ). Benjamin's group has demonstrated that H-2 k mice have a superantigen (sag) derived from Mtv-7 mouse mammary tumor provirus, which eliminates V␤6-expressing thymocytes, particularly those that recognize amino acids (aa) 389 to 397 of MT (206, 207) . Most adult inbred mice can develop Py-induced tumors following radiation, indicating that the block was due to immunological protection against the virus, namely, the particular H-2 locus (49, 110, 192) . Some, however, are radiation resistant and appear to block dissemination of the virus throughout the host and thus prevent the establishment of tumors even in newborn inoculated mice (49) . This form of resistance may be due to an ability of the mouse to thwart the antiapoptotic mechanisms of MT (49, 74, 225) . Others demonstrated that the virus strain itself was largely responsible for the tumor profile and that large-plaque variants, often derived from tumors, were high-tumor strains due to differences in both coding (early or late proteins) and noncoding (enhancer and LT binding sites) sequences of the virus (112) . It was later determined that the noncoding sequences are most responsible for the tumor profile, although changes in VP-1, the major capsid protein, significantly after the tumor profile (94, 108, 109, 111) . The specific interaction between VP-1 and the sialic acid residues associated with Py cellular tropism has a profound effect on dissemination of the virus and the Py induction of tumors in mice (19, 20, 94, 108, 111) . However, the very fact that most, if not all, experiments in which Py was used to study tumorigenesis were done with inbred strains of mice creates and perpetuates the misconceptions about the natural life cycle of Py that we believe should be separated from the tumor biology. As indicated below, immunosuppressed mice are not necessarily prone to Py-induced tumors. It instead seems more likely that other characteristics of inbred mice, such as genomic instability, along with failed immune clearance, are the main determinants of Py tumorigenicity.
IN VIVO VIRUS STUDIES OF MIDDLE T ANTIGEN Middle T-Antigen Viral Mutants in Newborn and Adult Immunocompetent Mice
Intranasal inoculation of wild-type Py into newborn mice (BALB/c) results in acute replication of the virus in the nonciliated epithelial cells of the bronchioles, with maximum replication during 3 to 6 days postinoculation (p.i.) (131) . Interestingly, there is a transition from proliferation to a combination of proliferation and differentiation (based on the decline of peak bromodeoxyuridine (BrdU) incorporation and PCNA expression) in the newborn bronchiolar epithelium at around 12 to 24 h prior to the peak of virus production (5 to 6 days p.i.) (9, 69, 339) . Under the same conditions, MT mutants of Py (PTA-1387T, PTA-1178, PTA-250YS, and A3-MOP1033) replicate little or not at all in the bronchiolar epithelium compared to wild-type virus of the same background strain (K. A. Gottlieb and L. P. Villarreal, unpublished data). These mutants either eliminate the key tyrosine phosphorylation sites (PTA-1178 eliminates tyrosine 315, and PTA-250YS eliminates tyrosine 250 [the importance of these is described below]) or truncate MT (PTA-1387T and A3-MOP1033). Although A3-MOP1033 is of a different strain (A3 being a smallplaque variant of Py, while PTA is a large-plaque variant), it is comparable to PTA-1387T in being a truncation mutant (opal termination codon at nucleotides 1033 to 1035 in MT and a consequential proline-to-leucine change in LT) of MT, eliminating the ability of the protein to bind the plasma membrane (335) . These results indicate that MT is particularly adapted to function in the nonciliated epithelium of the newborn mouse lung since no other tissue in the mouse (including adult mouse lung) displayed this sensitivity to MT mutants (see below). In addition, since the replication levels of the mutant viruses (measured by in situ hybridization) correlated well with levels of T-antigen expression (as measured by immunofluorescence using an antibody to the shared domain of all three T antigens), this supported the idea that MT plays an autocatalytic role in Py replication in that MT function was associated with levels of early gene expression. MT function is also probably required in maintaining persistence, as indicated by the finding that the MT mutant (PTA-1387T) is unable to persist in the kidneys of mice (113) . However, in contrast to their behavior in newborn lungs, the point mutants (PTA-1178 and PTA-250YS) associated with elimination of key phosphorylation sites have minor effects on virus replication in lungs of adult mice, producing subtle, often indistinguishable phenotypes from those produced by wild-type virus. The main difference in the adult is that the overall numbers of cells replicating Py are reduced, but those that are infected show a similar quantity of virus to wild-type infected cells. The lungs of adult mice given an intranasal inoculation of the truncation mutants (PTA-1387T and A3-MOP1033), on the other hand, gave similar phenotypes to the newborn lungs, with only a very few cells showing any infection at all. Since the signal transduction pathways described in the next section are an amalgamation of Py MT effects on many cell types in vitro, some of which are not even part of the life cycle of the virus, it is not clear how these identified interactions might relate to Py replication in vivo or the differences we see in newborn and adult lung infection. Our results indicate that depending on the specific cell type, whether nonciliated epithelium of the newborn or adult lung or tubular epithelium of the kidney, a different but at times redundant subset of signal transduction is required for efficient replication of the virus. On the other hand, the subtle differences in replication of the Py with MT point mutants used in our experiments could indicate either that the associated pathways (Shc/PI 3-kinase) are not required in the bronchiolar epithelium or that one pathway can substitute for the other if necessary.
Middle T-Antigen Mutants in SCID Mice
A few studies have examined Py infection in SCID or SCIDbeige mice, but our study was the first to study Py mutants (MT and LT) in this context (28, 326, 327) . The initial studies of others used intraperitoneal inoculation of the virus into adult SCID mice, with or without NK cells, and evaluated the associated myeloproliferative disease that resulted. Mice succumbed to the virus within 16 days after infection after a period of inactivity and severe weight loss. Similar studies by Dalianis and coworkers, also using intraperitoneal inoculation, established the kinetics of viral replication and dissemination in the organs of the mice over an 8-week period. Unlike the previous study, mice did not succumb to a virus-associated disease until after the 8-week period (28) . In neither experiment were tumors observed, unlike reports of Py inoculation into adult athymic nude mice (mostly mammary adenocarcinomas in females and osteosarcomas in males) or susceptible strains of newborn mice associated with the depletion of specific thymocytes that recognize MT (94, 381) . Although the replication of Py was restricted to a subset of organs in nude mice, namely, skin, bone, and mammary and salivary glands, the tumors were rapid and led to death before other, slowgrowing tumors could appear (326, 381) . The difference in SCID and nude mouse susceptibility is curious and could possibly be associated with the strain differences, although this remains to be determined.
The myeloproliferative disease observed in histopathological studies of the bone marrow and spleen was characterized as left-shift maturation of myeloid precursors resulting in myeloid hyperplasia and megakaryocyte and erythroid degeneration. Similar to a study in which adult mice were inoculated with a recombinant Moloney leukemia virus expressing MT, the early target for T-antigen expression in SCID mice was found to be megakaryocytes (120) . In the SCID mouse study, though, the megakaryocytes were depleted at later time points, perhaps as a result of lytic infection of these cells.
Our studies used intranasally inoculated SCID-bg mice over 6 weeks old with wild-type virus, strain A3. These mice began to show limited replication of the virus in the lungs by 3 weeks after infection, ranging from 5 to 15% of the epithelial cells in any given bronchiole (Gottlieb and Villarreal, unpublished) . This replication increased substantially over the next few weeks, eventually encompassing a majority (over 70%) of the epithelium of the bronchioles. The notable delay in Py lung replication relative to that seen in newborns is probably due to the much lower rate of cellular differentiation occurring in the adult lung and suggests that virus replication must await the accumulation of cellular differentiation to generate permissive cells. The mice eventually succumbed to an acute myeloproliferative disease induced by Py about 35 days after infection (reviewed in reference 326). Contrary to the expectations of those who study Py, the MT mutant A3-MOP1033 (MOP), which should lack all MT-associated functions, replicated well in SCID-bg mice. Although the overall numbers of cells infected were decreased, the replication levels on a per-cell basis appeared identical to those in wild-type infection. Surprisingly, dissemination of MOP throughout the mice, including establishing infection and persistence in the kidneys, was indistinguishable from that of wild-type virus, although the numbers of kidney cells replicating Py were also lower. Although MT may still have some immune-related functions which would not be observed in SCID mice, MT function in Py replication in permissive adult tissue is subtle at best. These subtle differences include a slight decrease in virus-infected bronchioles throughout the lungs and, of particular interest, an alteration in the transition time between T-antigen expression and viral DNA replication compared to wild-type virus. The MOP-infected lungs showed a higher percentage of cells only expressing early proteins among those expressing viral proteins (early, late, or both) than did wild-type-infected lungs, indicating a delay in the onset of Py DNA replication. This latter observation indicates that MT acts as a booster to establish a cell capable of virus replication but is not an absolute requirement. However, we have not yet eliminated the possibility that the expression of the truncated MT may retain some functional capabilities that have yet to be described.
The finding of others that a similar MT mutant (PTA-1387T) eventually loses its kidney persistence also suggests a "booster" role for MT (113) . Given that MT mutants which do not replicate efficiently also do not express T antigen efficiently, a likely scenario is that an array of cellular transcription factors are induced by MT to establish an environment suitable for both Py early-gene transcription and Py replication but that this permissive state is also dependent on the natural differentiation of infected cells. Over time, permissive adult SCID lung cells accumulate as they enter this window of differentiation, which allows MT to affect Py early expression and replication. Such a delayed and cumulative effect on virus replication would not be observed in a mouse with a functional and normally responsive immune system. Alternatively, since identical levels of MOP replication (with respect to wild type) in the lungs are found only in a subset of cells, MT and its associated signaling may be required to maintain virus replication as the progenitor cells proliferate and differentiate to replace cells lost due to terminal differentiation and virus lytic infection and exfoliation (132) . Although we cannot eliminate the possibility that even a truncated MT has remaining activity, these results clearly illustrate that all of the signal transduction pathways associated with transformation (as described below) play a relatively minor role in Py replication in quiescent permissive adult tissue in vivo.
MIDDLE T-ANTIGEN-ACTIVATED SIGNAL TRANSDUCTION PATHWAYS

Contextual Considerations
Although the role of MT in the natural infection is seldom examined, various and numerous cell culture and/or transformation studies have identified specific domains of Py MT which affect cellular signal transduction and may be important for its function in the virus life cycle. However, it is important to remember that these domain studies were often done using high expression levels of only MT (or other viral proteins) instead of a normal virus infection. Caution is warranted when using such approaches since this situation could easily cloud the understanding of the actions of viral proteins. The altered kinetics and high-level expression can result in altered thermodynamic relationships, distorting dissociation and association constants among viral and cellular proteins that in some cases are not biologically relevant. It must not be forgotten that MT evolution is fundamentally linked to that of the other viral proteins, namely, LT and ST, so that MT function apart from these proteins may be aberrant. As will be expanded upon below, transgenic-animal studies readily show that MT acts quite differently when expressed on its own, away from the other early proteins or even from the Py enhancer. Furthermore, viral genes function and evolve in very specific cellular environments, with the biological goal being to establish a persistent, pathologically and immunologically benign infection, not transformation. These specific cellular environments are not assessed in the study of MT signal transduction. The cell types used for these studies are typically established cell lines, often transformed and rarely from the natural host (mouse) of Py. Therefore, the details of MT-activated signal transduction pathways that have been reported and the functions of this viral modulation of cellular proteins may well be misleading. We must await a better understanding in both stoichiometric and thermodynamic terms of the relevance of these highly intricate circuits before we can understand the role of MT in the virus life cycle. This would include the time allotted for early-protein expression, the distinct cell types associated with in vivo acute and persistent replication, and the precise time during which MT is needed to reprogram or regulate cellular protein functions at a particular stage of host cellular differentiation. Finally, it is also important to remember that the plethora of reports focusing on Py-induced transformation and tumorigenesis not only has completely skewed our conception of the true biological character of Py but also has propagated the misconception that the sole purpose of MT is tumorigenic and, in extreme terms, has defined its role as simply a biological anomaly. We therefore outline the detailed highlights of MT and its important regulatory domains and attempt, although often unsuccessfully, to discuss the natural relevance of these findings and their association with the viral infection.
General Structure
MT is 421 aa long (nucleotides 175 to 748 [aa 1 to 191] spliced to 811 to 1499 [aa 192 to 421]) and is encoded by a splice variant of the early region of Py, which also encodes LT and ST antigens (a general diagram of MT is shown in Fig. 1 ). MT has a common amino-terminal region (nucleotides 175 to 411) with LT and ST and a further common region with ST (nucleotides 412 to 748). The second exon of MT (nucleotides 811 to 1499, aa 192 to 421) is shared with the LT nucleotide sequence but has a frameshift in the amino acid sequence, astonishingly creating the tyrosines which are phosphorylated through the MT-pp60 c-src and result in activation of multiple signal transduction pathways. It has a molecular mass of 55 kDa and contains a tail of 22 hydrophobic amino acids (aa 394 to 415) at its carboxy terminus, bound on either side by clusters rich in basic residues (47) . There are multiple phosphorylation sites throughout MT, including the well-studied tyrosines at aa 250, 315, and 322, serines at aa 257 and 283, and threonines at aa 160 and 291 (155, 259) . In addition, MT has a protein phosphatase 2A (PP2A) binding domain (aa 90 to 120) and a region associated with pp60 c-src (aa 185 to 210). While pp60
c-src
(and other members of the src family, as mentioned below) serve as the tyrosine kinases, protein kinase C and another, unnamed kinase provide the serine phosphorylation (223) . However, in Py-infected cells, only a small portion of MT is phosphorylated, and among this fraction most of the phosphorylation is of serine while a significantly lesser portion is tyrosine or threonine (304).
Cellular Localization
MT was first found associated with the plasma membrane by using antibodies against tumor antigens from Py-induced tumors (158) . The insertion of MT into the plasma membrane and the sequences N terminal (RHLRRLGR) to the membrane binding sequence are functionally important for the MT association with pp60 c-src (src) and the association with the cytoskeleton needed for the transformation morphology (47, 75, 213, 337) . Only a fraction of MT is associated with the plasma membrane; the majority is found in perinuclear compartments that do not colocalize with marker proteins for either the endoplasmic reticulum or other subcellular compartments of the secretory pathway (87, 158, 297, 390) . Nocodazole, a drug affecting cytoskeletal structures and vesicular transport, prevents perinuclear localization of MT (228) . The localization of MT at these perinuclear locations has been associated with the rearrangement of the actin cytoskeleton seen in transformed cells and the dismantling of tubular endosomes (390) . Subfractionation studies show that MT in the perinuclear compartments are complexed with src and Shc and that much of the src from the plasma membrane has been relocalized by MT to these compartments (390) . One theory about the discrepancies in localization of MT postulates that MT associates with the membrane skeleton and that this accounts for both the plasma membrane and perinuclear MT fractions (10) . There has yet to be a study to determine whether MT complexes not associated with the plasma membrane are functional in the lytic life cycle or in transformation (87) . Therefore, since such a small portion of MT is associated with the plasma membrane, it is logical to assume that functions of perinuclear MT currently unclear or speculative must be important for the virus life cycle, but these may be more closely associated with persistence than acute replication.
Activation of the src Family
The importance of various domains within MT was largely determined by the ability of MT mutants to alter or abolish MT-induced transformation (46, 47, 93, 200, 214 ; for a review, see reference 215). The information below will show, however, that the ability to transform a specific cell line requires not only a certain threshold level of src activity but also an often undetermined subset of MT-activated signal transduction (214) . Analysis of a number of MT mutants indicated that the complex with src was necessary but insufficient for cellular transformation (36, 57, 63, 137, 213) . src (and to a lesser extent other tyrosine kinases, pp62 c-yes [yes] and p59 fyn [fyn]) coimmunoprecipitates with MT (56, 58, 67, 68, 138, 152, 184, 188) , is associated with and activated by the amino-terminal end (aa 185 to 210) of MT, and phosphorylates three tyrosines in MT, at aa 250, 315, and 322 (143, 155, 296) . However, src does not directly bind MT (38) , nor does it increase the overall levels of tyrosine phosphorylation in Py-infected cells (97) . Although the src family of protein tyrosine kinases includes src, yes, fyn, fgr, lck, hck, lyn, blk, and tkl, as well as other alternatively spliced forms, MT has evolved to only interact with src, fyn, and yes (59, 100, 174, 219, 243, 268, 306, 324, 329, 357, 386, 391) . The selection of only this subset may indicate a specialized function of these kinases or a cell type specificity in the evolution of MT. src consists of various domains, including an N-terminal membrane localization SH4 region, a stretch of amino acids unique to each src, an SH3 domain, an SH2 domain, a kinase domain, and a conserved C-terminal tail (42) . The exact function (targets) of the tyrosine kinase activity of src is unknown, although src, fyn, and yes have been found in all cell types at approximately the same levels with terminally differentiated cells apparently having higher levels (63, 341) . One of the virus associated functions of src activation may be to phosphorylate the threonines found on VP1, one of the capsid proteins of Py, an apparent requirement for efficient viral encapsidation in vivo, although separable from the portions of MT required for transformation (122, 199) . In addition, besides using src to phosphorylate important signal transduction activating tyrosines on MT, Py may use the cell cycle progression and/or chemotaxis functions of src, although this relationship has yet to be determined. Unfortunately, as with most of these MT domain studies, the focus of these studies has been on only the aberrant and altered regulation of src by MT in transformation.
As mentioned above, the complex between MT and pp60 c-src increases the tyrosine kinase activity of src, but complexes with fyn do not elevate kinase activity, which may be due to the low abundance of MT-fyn complexes formed (56, 188) . MT complexes with a population of src that is not phosphorylated at tyrosine 527 (but is phosphorylated at tyrosine 416) (50) and locks it into a configuration in which it cannot be inactivated by the phosphorylation of tyrosine 527 (63) . However, already inactivated forms of src (those with intramolecular binding of the SH2 domain to phosphorylated tyrosine 527) cannot be readily bound by MT (98) . Specifically, the region bordered by aa 518 and 525 of src are essential for the MT complex and therefore are likely to mask tyrosine 527 (58) . This masking of tyrosine 527 removes the normally cell cycle-specific regulation of src (active during mitosis, repressed during interphase), thereby keeping high tyrosine kinase activity throughout the cell cycle (166) . Although src contains both a myristylation signal (needed to associate with membranes) and a membrane localization signal in its first 14 aa, its association with MT seems to disable these functions since truncated forms of MT which localize to the cytoplasm instead of the plasma membrane still colocalize with src (66, 383) . At any one time, though, only 10 to 15% of MT is associated with the tyrosine kinases of proto-oncogenes, src, yes, or fyn (34, 55) , since MT needs the less common open/activated conformation of src to bind successfully (98) . Py infections in mice with knockout of any one of the above-mentioned tyrosine kinases are still able to induce tumors, although src is better able to induce the Py-associated tumor profile than is fyn (142, 340) . Similar experiments determined that even when one or two of these tyrosine kinases are knocked out, the remaining ones do not compensate for the loss and increase their association with MT or elevate their kinase activity (177) . This indicates that the specific stoichiometry of the individual MT and src associations may be important for different cell types, i.e., Clara cells of the lung bronchioles during acute replication, tubular epithelial cells of the kidney during persistence, or other unidentified cells that transport or harbor the virus. Although it seems clear that the MT-src complex is important for the virus life cycle, its in vivo relevance needs to be elucidated further. The shift from the predominant MT-fyn complex in hamsters to the MT-src complex in mice would indicate that pertinent changes were made during evolution, but their nature cannot be fully understood until the evolutionary tree of the MT of polyomaviruses in other species along the rodent lineage is evaluated. However, as mentioned for MT localization, the bulk of MT is not associated with the plasma membrane or with src, which means that although the MT-src complex may be important for transformation or even some facet of the normal virus life cycle, the total activities of MT cannot be simply explained by this minor complex found in both lytically infected and transformed cells (85, 297, 304) . Middle T-antigen tyrosine phosphorylation. Early experiments established that the phosphorylation of tyrosine 315, long considered the predominant tyrosine-phosphorylated site of MT, is essential for transformation, since without it there is a drastic reduction (20% of wild type) in transforming ability in rat fibroblasts (F-111 cells) (46) . However, others demonstrated that tyrosine 315 was not essential for transformation of another rat cell line, Rat 1 (248) . Although the conditions were somewhat different, this discrepancy indicated that studying Py in culture can be misleading. However, these experiments produced the first important mutant (Py-1178-T), which replaced tyrosine 315 with a phenylalanine to preserve the character of the wild-type MT (A3T at nucleotide 1178). The residual transforming ability of this mutant was theorized to be in the phosphorylation of the tyrosine at position 322 or other phosphorylation sites but was later shown to remain even after mutation of tyrosine 322 (298) and tyrosine 297 (214) . Subsequently, it was shown that the phosphorylation of tyrosine 250 was needed for transformation and that its mutation not only reduced the level of phosphorylation on MT but also weakened the interaction of MT with src (214) . These results were supported by the complete lack of transformation by an MT mutant (Py-1387-T, C3T at position 1387) which lacks the ability to bind the plasma membrane by eliminating the last 37 aa of the carboxy terminus and therefore is not phosphorylated by the associated src kinase activity. However, 1387T is able to replicate to almost wild-type levels in culture, although this has been attributed to the ability of the truncated MT to substitute for the ST function (122, 376) .
There is some evidence that the N-terminal portion of MT, which has the same sequence as ST (191 of the 195 aa), may act by performing the same Py replication-enhancing function as has been demonstrated for ST during lytic function (336) . In contrast, a Py virus that does encode any portion of MT (808A) is both transformation and replication deficient, which definitely raises the possibility that MT has functions not associated with its binding of the plasma membrane (122, 200) . Another mutant, NG59, in which the aspartic acid residue at position 179 is replaced by isoleucine-asparagine, associates with the membrane but lacks transforming ability and PI 3-kinase activity, a result that has yet to be fully explained (24, 376) . One plausible explanation for NG59 and 808A is their inability to phosphorylate the threonines found on VP1 (aa 63 and 156), which may affect not only packaging but also cellular receptor recognition (19, 20, 94, 199) . Again, 1387T did not have this difficulty, thereby supporting strongly the conclusion that MT has functions not associated with its binding of the plasma membrane.
Phosphatidylinositol 3-Kinase
The phosphorylated tyrosine 315 was then found to bind and result in the phosphorylation and activation of PI 3-kinase (65, 376) . MT-src and MT-fyn complexes have an indistinguishable ability to phosphorylate tyrosine 315 and bind PI 3-kinase (55) . PI 3-kinase is made of two subunits, the 85-kDa protein, which binds to the phosphorylated tyrosine 315 of MT, and the 110-kDa protein, with both PI 3-kinase and protein serine/threonine kinase activities, which binds the 85-kDa protein and phosphorylates the inositol ring at the D-3 position (84, 169, 250, 375, 376) . Specifically, MT associates with one of two SH2 (src homology 2) domains of the p85 subunit of PI 3-kinase (317) . The activation of PI 3-kinase has been associated with prevention of apoptosis, promotion of cell division, production of novel lipids which regulate Akt and atypical forms of protein kinase C (PKC), induction of protein synthesis, actin rearrangement, regulation of Ras-dependent signal transduction pathways, vesicle trafficking, and many others (for reviews, see references 16, 196, and 270) . Since all of these functions must be well regulated, the cell maintains less than 0.25% of its inositol-containing lipids phosphorylated at the 3 position (270) . The association and activation of PI 3-kinase by MT is necessary but not sufficient for transformation (169, 170, 376) , another contradiction from the previously reported result that the Py-1178-T was not transformation deficient (215) . Py-1178-T is unable to form mammary tumors except in older female mice that had experienced pregnancies, which touches on a potential in vivo role for the MT-PI 3-kinase association (332) . The association of PI 3-kinase with the MT-pp60 c-src complex results in the phosphorylation of PI at the D-3 position of the inositol ring to produce PI-3-phosphate [PI(3)P], a pathway independent of inositol-1,4,5-triphosphate production (308) . Additionally, PI 3-kinase phosphorylates PI(4)P and PI(4,5)P 2 to produce PI(3,4)P 2 , and PIP 3 , respectively, both novel polyphosphoinositides which are not hydrolyzed by PLC (170, 204, 308, 309) . There is also recent evidence that a further phosphatidylinositol, PI(3,5)P 2 , is formed by the phosphorylation of PI(3)P by PI 5-kinase (Fab1p) and may play roles in vesicle trafficking and stress regulation due to osmotic pressure (61, 125, 151) . The production of these phosphatidylinositides has been directly linked to MT-induced transformation (65, 130, 170, 347) . PI(3,4)P 2 and PIP 3 are specifically associated with cell growth since they are found only in subconfluent cultures or MT-transformed cells, not cells at high density or those transfected with a transformation-defective MT (308) . Besides its association with the MT-src complexes (src, fyn, and yes), the production of PI(3)P and related phosphatidylinositides is also linked to other protein-tyrosine kinase-activated systems, including platelet-derived growth factor (PDGF) ␤ receptor, epidermal growth factor (EGF) receptor (ErbB2R), colony-stimulating factor 1 receptor, and insulin receptors, and to the oncogenic forms of pp68
gag-fps (fps), and pp160 gag-abl (abl) (15, 32, 117, 118, 169, 208, 212, 263, 291, 351, 352) . Although most of these tyrosine kinase systems are associated with cellular growth, they can also induce the production of PI(3,4)P 2 and PI(3,4,5)P 3 while stimulating cells to differentiate or even stimulating already terminally differentiated cells, a cellular activation not associated with growth (reviewed in reference 317).
Phosphoinositides. The plethora of potential functions, including regulation of cell proliferation and survival, glucose metabolism, cytoskeletal reorganization, and vesicle trafficking, of the phosphoinositides PI(3)P, PI(3,4)P 2 , and PI(3,4,5)P 3 has been reviewed extensively, but there is no consensus about how specificity of the signals is established (48, 196, 270, 317) . PI(3)P has recently been shown to interact with the FYVE-containing domains, cysteine-rich zinc finger-like motifs named for the proteins Fab1p, YOTB, Vac1p, and EEA1, on numerous proteins which appear to be important for vesicle trafficking including targeting and secretion (reviewed in reference 16). There are few, if any, reports discussing the importance of vesicle trafficking in Py-infected systems, but our own observations in lung tissue show an exfoliation of virusinfected cells from the bronchiolar epithelium without apoptosis or necrosis, indicating that these mechanisms may be utilized. Furthermore, vesicle trafficking may be important during transport of the virus or movement from cell to cell without interference from the immune response. PI(3,4)P 2 and to a lesser extent PIP 3 bind and activate Akt, a serine/threonine protein kinase, which may account for the ability of the MT-PI 3-kinase complex to inhibit apoptosis, regulate glycolysis, induce protein synthesis through activation of p70 S6-K , and numerous other functions outlined below (105, 106) . PIP 3 has been associated with vesicle budding, cell migration, and induction of cellular proliferation (reviewed in ref- erences 196 and 270) . PIP 3 alters the organization of the actin cytoskeleton by activating numerous guanine nucleotide exchange factors, including Rac, Rho, and Cdc42 (145) . The induction of Rac, as outlined below, by both the MT-PI 3-kinase and MT-Shc complexes was found to be important for MT-induced cellular transformation, which may indicate a possible role for this protein in the virus life cycle (60, 349) . As discussed below, hemangiomas form mostly by cellular recruitment in MT transgenic-mouse systems, an indication that the membrane ruffling (actin reorganization) and resulting cell migration and chemotaxis may be associated with this observation (187, 374) . Much of the protein interactions of these phosphoinositides is done through binding of pleckstrin homology domains, which are common among the guanine nucleotide exchange factors for small G proteins. The evidence that PIP 3 is involved in cellular proliferation comes indirectly in the finding that PTEN (phosphatase and tensin homolog deleted on chromosome 10), a tumor suppressor protein that dephosphorylates PIP 3 , is often found mutated or deleted in numerous human cancers (209) . The vesicular trafficking association is based on the recruitment of Grp1 (general receptor for phosphoinositides) to the membrane by PIP 3 , which results in the activation of Arf1 (ADP-ribosylation factor 1), a GTPase important for regulating coating and budding from intracellular vesicles (179) . All of these responses are aspects that the normal virus life cycle may utilize to some degree and should not be thought of as simply cellular transformation pathways. The context of these actions, though, must also be related to the cross talk among the other MT-induced signal transduction pathways.
Phosphatidylinositol 3-kinase and Akt. The discovery of the activation of Akt (PKB or RAC-PK) through its phosphorylation by the 110-kDa subunit of PI 3-kinase has resolved some of the apoptotic features associated with MT, as illustrated in Fig. 2 (225) . The normal functions of Akt are still unclear, although there are connections with various metabolic events including lipogenesis, glycogen synthesis, and stimulation of glucose transporter GLUT4 translocation, induction of protein synthesis through S6 kinase activation, protection from apoptosis through bcl2 induction and bad phosphorylation, and, finally, cell cycle progression through c-myc induction (for reviews, see references 168 and 325). Early evidence that PI 3-kinase was responsible for the antiapoptotic signal came from an experiment which showed that rat fibroblasts transformed by Py underwent apoptosis when PI 3-kinase was inactivated by wortmannin or 1d-3-deoxy-3-fluoro-myo-inositol, blockers of both the lipid kinase and protein kinase activity of the 110-kDa subunit of PI 3-kinase (74) . In addition, mutant 315YF was unable to protect the rat fibroblasts from undergoing apoptosis (74) . Akt, a downstream component of the PI 3-kinase pathway, prevents apoptosis by inhibiting Ced3/ICElike activity which is directly downstream of both the p53 and fas pathways of apoptosis (175) . Currently, this is one of the few connections between MT signaling and p53 activities. Other substrates for Akt phosphorylation include bad, which loses its ability to promote apoptosis; forkhead transcription factor, a transcription factor which on phosphorylation is se- questered in the cytoplasm and is unable to activate proapoptotic proteins; glycogen synthase kinase 3, which on phosphorylation results in the maintenance of a dephosphorylated and activated glycogen synthase and cyclin D1; heart 6-phosphofructo-2-kinase, which upon phosphorylation is activated and stimulates glycolysis; endothelial NO synthase, which upon phosphorylation results in activation and production of a high level of nitric oxide; and other proteins mainly associated with the regulation of glucose metabolism, protein synthesis, or apoptosis (for a review, see reference 168). Akt activation in MT-induced transformation was found to be dependent on the MT-PI 3-kinase complex, although it is still unclear whether PI 3-kinase is sufficient to stimulate Akt since there have been reports of PI 3-kinase-independent activation of Akt kinase activity (104, 182, 225, 294, 325) . The products of PI 3-kinase, particularly PIP 3 and PI(3,4)P 2 , bind to the pleckstrin homology domain of Akt, resulting in a conformation change and localization to the plasma membrane (23, 105, 162, 180, 321) . PDK1, a 3-PI-dependent kinase activated by PI 3-kinase, then phosphorylates threonine 308 of Akt, while a second, less welldefined kinase, tentatively called PDK2, phosphorylates at serine 473; phosphorylation of both threonine 308 and serine 473 results in the full activation of Akt (5, 6, 320, 321) . PDK1, though, has the ability to not only protect against apoptosis via its activation of Akt but also induce apoptosis via its dephosphorylation by the MT-PP2A complex and the subsequent activation of the intermediary c-Jun N-terminal kinase (JNK), although JNK can mediate both pro-and anti-apoptotic signals (90, 157, 237, 287, 350) . The specific signal seems to depend on the four different phosphorylation sites on PDK1. PDK1 is responsible for the phosphorylation and activation of Akt, pp70 S6K (see below), and atypical isoforms of PKC, including PKC and PKC (4, 5, 265, 320) .
Since Py is unable to prevent apoptosis through a direct interaction with p53, a property of other DNA tumor viruses, the MT-PI 3-kinase-Akt pathway would seem to establish the mouse-specific Py evolved method for delaying host cell death (17, 338, 389) . The biological relevance of Akt is further discussed below (see "Middle T antigen and apoptosis"). However, many of the nonapoptotic functions of Akt, including upregulation of glycolysis, glucose uptake, and glycogen synthesis, promotion of protein synthesis, and potential induction of the cell cycle by elevating levels of cyclin D1, would appear to be beneficial for virus replication. Unfortunately, the true usefulness of such actions is only conjecture and needs to be supported by assays which can delineate the importance of these functions for Py replication and persistence. It is important to remember again that only a fraction of MT is phosphorylated and found at the plasma membrane even during a lytic infection. Therefore, these multiple functions are probably rather subtle effects during a precise period of virus replication or even throughout its entire life cycle, but they should not be thought of as simply a mechanism for inducing transformation.
40S ribosomal protein S6 kinase. The ribosomal protein S6 kinase is highly phosphorylated in growing cells and dephosphorylated in growth-arrested cells in culture. Presumably, the 40S ribosomal protein S6 (S6) is also dephosphorylated in terminally differentiated cells in vivo, although this is not well studied. S6 phosphorylation is controlled by pp70 S6K (S6K).
Genetic studies have shown that S6K controls cell size, growth, and proliferation without affecting any particular phase of the cell cycle (95, 230) . S6 is induced by a number of mitogens and oncogene products and results in the translation of a family of mRNA transcripts containing a polypyrimidine tract at the 5Ј end (5ЈTOP family) (73) . The 5ЈTOP family is composed of 100 to 200 genes that encode proteins essential for translation.
MT elevates the levels of S6 phosphorylation through two pathways, one of which is activated by src and S6 kinase while the other requires neither kinase (73) . The src-dependent activation of S6 kinase requires the phosphorylation of tyrosine 315 (331) , while the other pathway may use the binding and inactivation of PP2A by MT to stabilize the phosphates on S6. Activated PI 3-kinase results in the activation of both the cytoplasmic (70-kDa) and nuclear (85-kDa) forms of S6 kinase through the intermediary kinase PDK1 and direct phosphorylation by PI 3-kinase (73) . PKC and PKC, atypical isoforms of PKC induced by the PI 3-kinase/PDK1 pathway, may be responsible for the phosphorylation of S6K in its carboxy terminus necessary for its activation, while mTOR (mammalian Target of Rapamycin), a kinase activated through the PI 3-kinase/Akt pathway, may regulate phosphatase activity (similar to the MT-PP2A complex), act as a kinase upon S6K, or act as a sensor for amino acid availability (3, 95, 305) . The transcription and replication of Py would appear to benefit from the activation of S6K by the MT-PI 3-kinase complex, which may result in the upregulation of protein synthesis. However, it remains clear that neither cellular proliferation nor transformation is the ultimate goal but, rather, that the purpose of the S6 activation is only part of the viral program to establish a cell designed specifically to transcribe viral proteins and replicate the viral genome under conditions in which cellular protein synthesis has either been severely curtailed or reprogrammed to express only necessary factors.
Shc/Ras
A mutation (proline 248 to leucine) which was transformation defective but still had the ability to associate with pp60 c-src and PI 3-kinase led to the discovery of the association of the tyrosine 250 phosphorylation site of MT with the Shc protein (44, 86) . A motif in MT, Asn-Pro-Thr-Tyr (NPTY), was found to be important for the ability of Py to transform cells. Shc (src homology 2 domain-containing protein) is made of three overlapping polypeptides of approximately 46, 52, and 66 kDa. The 52-kDa form contains a phosphotyrosine binding domain (PTB), a central collagen homology domain (CH1), and a carboxyl-terminal SH2 domain (33) . Shc has three tyrosine phosphorylation sites, Tyr 239 , Tyr 240 , and Tyr 317 (considered the principal site) (257) . On phosphorylation by the MT-pp60 c-src complex, the PTB domain of Shc (specifically, Tyr 239/240 is important) associates with the SH2 domain of Grb2 (growth factor receptor-bound protein 2), which leads to the Shc-Grb2-Sos complex, which activates Ras (33, 44, 86) . Sos (son of sevenless) is a GDP-GTP exchange factor for Ras. Less than 1% of the 46-and 52-kDa forms are associated with MT, while there is no evidence of association with the least abundant 66-kDa form of Shc (44) . Growth factors (EGF, PDGF, etc.) can stimulate the Ras pathway through Shc or directly through Grb2, but it has been shown that the association of MT with Shc and the resulting phosphorylation are needed for full activation of Grb2 and the Ras pathway, although a mimicked binding site for Grb2, similar to that found on Shc, placed into MT can replace the need for Shc. Further discoveries connected the binding of MT to Shc with the transcriptional activation of c-jun (including AP-1 jun-jun homodimers and junfos heterodimers) by stimulating the phosphorylation of sites in the transactivation domain of c-jun (serines 63 and 73) through Ras/Raf-1 activation (319). On activation of Ras, a cascade effect results in activation of Raf and MEK which results in nuclear translocation of members of the mitogen-activated protein (MAP) kinase family (ERK1/ERK2/JNK) and subsequently in transcriptional activation of fos, jun, or myc (319, 348) . In addition, the activation of PKC by MT-expressing cells may lead to dephosphorylation of sites in the DNA binding domain of c-jun which then leads to an increase in the transcriptional activation of c-jun (319) . Activated extracellular signal-regulated kinases (ERKs) also lead to the activation and phosphorylation of transcription factor Elk-1 (ternary complex factor), a member of the Ets family of transcription factors, which then forms a complex with a homodimer of the serum response factor (SRF), activates the transcription of c-fos through its serum response element (SRE), and ultimately leads to increased levels of AP-1 (126) . Shc and PI 3-kinase combined Ras-and Raf-dependent signaling results in the binding of Elk-1 to the SRE of the c-fos promoter, while a Raf-independent signal through PI 3-kinase alone results in transduction via Rac1 of a signal to the SRF to bind the SRE of the c-fos promoter (349) . c-fos was found to be necessary for MT-induced transformation of rat F111 fibroblasts and can be inhibited by retinoic acid (333) . The induction of the Ras signaling pathway and the resulting activation of transcription factors has been associated with cell growth and differentiation, but most, if not all, of the above studies have focused on only the transformation of cells or the tumor profile in mice. Clearly, though, these pathways can result in the regulated expression of AP-1 and members of the Ets-domain (E twenty six, based on homology to v-ets of E26 avian erythroblastosis virus) family of transcription factors. Both of these transcription factors are required for activation of the Py enhancer, as discussed below.
There is some evidence that these interactions may address the LT-p53 interaction. Recent evidence shows a direct connection between Raf activation and cell cycle regulation and mitogenic control, another way in which MT may circumvent the inability of LT to bind p53. Raf1 binds to and regulates the function of cdc25A, a dual-specificity phosphatase involved in cell cycle regulation, and can physically interact with and inhibit the antiapoptotic functions of bcl-2 (176). Furthermore, on activation, Raf1 binds to the functional (hypophosphorylated) form of Rb and, through its intrinsic kinase activity or the action of cdc25A inducing the expression of cyclin D1, cdk4, and cdk6, may lead to the phosphorylation and inhibition of Rb, resulting in activation of E2F complexes and cell proliferation (362) . These findings were all established through cell culture, but they illustrate one of the key steps in understanding the complex interaction between the early proteins of Py and host cell machinery. It remains to be determined if such interactions are applicable in vivo.
Cross Talk among Phosphatidylinositol 3-Kinase
and Shc Pathways AP-1 expression. In some instances, PI 3-kinase and Shc have appeared to be on the same MT molecule, but it has been difficult to tell whether this multiassociation is important for the full activity of MT (44) . Studies that used single mutants MT-Y250F or Y315F to measure the mitogenesis (DNA synthesis) effects by determining BrdU incorporation into fibroblasts have demonstrated that neither mutant alone or cotransfected forms of each mutant could restore wild-type levels of BrdU incorporation, providing evidence that Shc and PI 3-kinase may need to be on the same molecule of MT (237) . However, it has been shown that the interactions of MT with both PI 3-kinase and Shc, although not necessarily on the same molecule, are needed for the nuclear translocation of MAP kinases (348) . While neither Py-1178-T nor a mutant with a mutation in the Shc binding domain (Y250F) resulted in full nuclear translocation of ERK1 or ERK2, the combination of the two in the same infection did (348) . The dependence on both MT-Shc and MT-PI 3-kinase complexes for full MAP kinase activity is consistent with other findings indicating a requirement of both the activation of Ras and PI 3-kinase pathways to achieve full MAP kinase activation and thus full AP-1 activity (153, 216, 283) . Some studies have shown that MT mutants with mutations in the Shc binding domain result in high AP-1 expression, indicating that only the MT-PI 3-kinase complex was required. These observations may be a result of the cell type used or alternative pathways for activating JNK. The AP-1 expression induced by the combined activation of PI 3-kinase and Shc in 3T3 cells infected with a recombinant retrovirus containing a cDNA encoding MT (or mutant forms of MT) was made up of c-jun and junB, not c-fos or fosB, although the presence of other fos (Fra1, Fra2) and jun (junD) proteins has not been determined (246) . This AP-1 composition, which contrasts with earlier findings indicating that MTinduced transformation was dependent on activation of the c-fos promoter, could be a result of either the cell type used (BALB-3T3) or the separation of MT from other components of Py, such as ST, which is important for the activation of the fos promoter (237, 246) . The connection between the tyrosine 315 phosphate site and AP-1 has been postulated to be due to the activation of Akt by the PI 3-kinase pathway, which leads to phosphorylation and resultant inactivation of glycogen synthase kinase-3␤ (GSK-3) (246, 348) . GSK-3 is a negative regulator of jun family members and phosphorylates residues in their DNA binding domains (80, 242) . The dephosphorylation of the DNA binding domain by the inactivation of GSK-3 and the phosphorylation of the transactivation domain results in c-jun activation in MT-expressing NIH 3T3 cells (319) .
Phosphoinositide maintenance. Further interactions between (and the need for both) Shc and PI 3-kinase activation have been found. Although PI 3-kinase activation results in elevated levels of PI(3,4)P 2 and PIP 3 , MT mutants with mutations in the Shc binding domain do not maintain adequate levels of these modified PIs to allow for transformation (202) . The explanation for this connection may involve a specific (PI 3-kinase product) degradative protein blocked by the activation of the Shc pathway. Alternatively, the Shc pathway may be important for specific subcellular localization of the lipid sub-strates. These complex interactions can be further supported by the finding that mutants with mutations in either the PI 3-kinase binding site (315YF) or Shc binding site (250YS) result in an impaired but not totally deficient ability to induce tumors following intraperitoneal inoculation of newborn mice (C3H/BiDA strain) (40) . The 250YS mutant and the 315YF/ 250YS double mutant are unable to transform in culture but can still develop tumors in vivo. 315YF/250YS, though, is reduced to a minor subset (no epithelial tumors) of wild-typeinduced tumors and an increased time until tumors arise (40) .
Rho family of GTPases. The small GTPases of the Rho family, including Rac1, Rho, and Cdc42, have been implicated in Py-induced cellular transformation through their activation by the MT-induced Shc-Ras-Raf and PI 3-kinase pathways (60, 165, 349) . The normal biological functions of these proteins include roles in actin cytoskeletal organization (membrane ruffling), formation of stress fibers, regulation of fos and jun expression, cell growth, downstream hormone signaling, and cell cycle progression (62, 149, 150, 229, 247, 282) . Both Rac1 and Cdc42 are required for MT-induced cell transformation, although either one alone can activate the c-fos promoter (349) . Differentiating the induction of Rac1 by a particular pathway, though, can be difficult, since although PI 3-kinase has been shown to activate Rac1, Ras can also activate PI 3-kinase (reviewed in reference 45). The activities of the MTShc complex and the intricate interplay among Rac1 and the ERK cascade leading to high-level production of fos and jun are discussed in more detail above. The problem here is that the association of the Rho family with transformation is even more poorly understood and the known or expected activities of the family members are often in contrast with the observed findings depending on the cell type being studied (reviewed in reference 312). For example, as already mentioned, Akt has a potential antiapoptotic role while Akt and Rac, both activated by PI 3-kinase, result in the activation of NF-B, an apparent requirement for cellular transformation that can send conflicting signals which can induce and/or inhibit apoptosis depending on the cell type (224, 251, 284) . The functions of these proteins are intriguing and may play a role in the natural Py infection, particularly the induced expression of transcription factors and cytoskeletal rearrangement. Unfortunately, the activation of these small GTPases has not yet been linked to either lytic infection or replication in vivo.
Protein kinase C/Ras. While exploring the roles of PI(3)P in transformation, it was discovered that MT-src also stimulates the activity of membrane-associated PKC and that PKC may be involved in the direct stimulation of Ras and/or a feedback mechanism which enhances transformation through activation of PI 3-kinase (212, 272) . It was found that tetradecanoyl phorbol acetate, an inducer of PKC activity, could stimulate the phosphorylation of MT in MT-src complexes and enhance transformation levels in vitro (223, 274, 278) . Since diacylglycerols can also stimulate PKC activity, the MT-induced activity of PLC␥-1 may be needed to stimulate PI 3-kinase activity to higher levels by phosphorylation and thus illustrates another cross-feedback mechanism of MT signal transduction (212, 272) . The activation of PKC by MT is very sensitive to even low levels of MT expression, while PI 3-kinase is not, indicating a key level of control of the signal transduction pathways induced by MT, at least in the rat F111 cell line (212). As mentioned above, PKC also increases the activity of Ras, but Ras can also feed back to increase the activity of membraneassociated PKC, which promotes the transforming ability of the MT-src complexes (91, 217) . Ras activation was shown to be responsible for the accelerated proliferation, focus formation on confluent monolayers of normal cells, and formation of colonies in soft agar (all components of the transformed phenotype of Py) (276) . Two theories about the need for Ras in transformation have been put forth: (i) Ras is involved in cell cycle transit in the later stages of G 1 and possibly G 2 (99) , and (ii) Ras interferes with the autocrine factors secreted by Pytransformed cells which allow cells to grow on suspended soft agar (271) .
Phospholipase C-␥1
The third important phosphorylated tyrosine of MT, 322, was found to coimmunoprecipitate with PLC-␥1, another SH2 domain-containing signal molecule (322) . PLC-␥1 catalyzes a reaction which produces two secondary messengers, IP 3 and diacylglycerol. Diacylglycerol results in activation of PKC and therefore is the likely source of high levels of PKC activation seen in MT-expressing cells. Mutants with mutations in residue 322 (322YF) are fully transforming and therefore are probably not important for the full functions of MT-induced signal transduction, but this may again be cell type specific and needs to be further explored in vivo (353) . As mentioned above, PKC may be needed to maximize the phosphorylation and resulting activation of PI-3 kinase, but this need may be blurred by cell culture effects, e.g., serum (272, 274, 278) .
Protein Phosphatase 2A
Following the observation that a mutant which abolished the ability of MT to associate with PP2A, pp60 c-src , and PI 3-kinase (mutation of cysteine 120 to tryptophan) resulted in a transformation-deficient Py (128), the association of MT with PP2A was discovered. The amino terminus of MT prior to the splice junction (aa 191 and 192) contains the site (aa 90 to 120) which coimmunoprecipitates with the A and C components of PP2A (137, 138, 181, 254, 346) . PP2A comprises the majority of total phosphatase activity in many tissues and has a broad specificity without the need for divalent cations. It consists of a 36-to 38-kDa catalytic subunit (C) and two additional regulatory subunits of 60 kDa (A) and 55 kDa (and lesser 54-, 72-, and 74-kDa subunits) (B). A nearly 100% conservation of this enzyme is seen across species. MT and ST are associated with the catalytic subunit C and the A subunit of PP2A (254, 359) . MT brings PP2A to the plasma membrane and, in some cell types, activates JNK, which results in either a pro-or antiapoptotic signal, although it is not known which (237) . MT shares only one sequence motif (sequence DKGG) with the 55-kDa B subunit of PP2A and has no sequence homology to the 74-kDa version of the B subunit (255) . However, this motif was found to be dispensable for the complex formation between MT and PP2A and for induction of transformation (129) . A cluster of cysteine residues found in MT (aa 120 to 153) and ST of Py and ST of SV40 and BK are important for their interaction with PP2A (129) . Along with the cysteine cluster, the first 25 aa and aa 105 to 111 (CRMPLTC motif) are important for the association of MT with PP2A. Interestingly, all mutants which fail to bind PP2A also fail to bind pp60 c-src , which may mean that these proteins form a single complex with MT or that structural conformation for binding either PP2A or pp60 c-src is similar (remember that MT does not directly bind pp60 c-src ) (43, 129) . The function of the complex between MT and PP2A is still unclear, although it has been suggested that MT reduces PP2A activity and thereby allows for hyperphosphorylation of the Rb protein, which in turn stimulates the cell cycle (52) . The most obvious function, though, is to perturb the function of PP2A and thereby prevent dephosphorylation of VP1, which promotes increased encapsidation efficiency of the virus (228) . Interestingly, this latter function has been associated with truncated forms of MT, which are made as regular components of the viral life cycle and have the ability to passively diffuse into the nucleus like ST or are actively taken in by nuclear localization signals of the regulatory and catalytic subunits of PP2A (228, 344, 380) . These conclusions have been recently countered based on the small amount of MT and ST that binds PP2A, which could never titrate the abundant levels of PP2A (346) . It appears that MT-PP2A complexes may be responsible for dephosphorylating critical target proteins rather than inhibiting the function of PP2A (237) . Therefore, it is unlikely that MT inhibits the activity of PP2A as a means of promoting the increased threonine phosphorylation of VP1 and increasing encapsidation (199).
14-3-3 Proteins
MT also uses serine phosphorylation at residue 257 to bind proteins of the 14-3-3 family (70, 253) . The 14-3-3 family of proteins have been associated with cellular growth regulation and signal transduction, including Raf, PI 3-kinase, cdc25 phosphatase, and PKC and aspects of ADP ribosylation, cell cycle, exocytosis, catecholamine biosynthesis, and numerous other activities (281) . These functions could presumably enhance Py replication. The two 14-3-3 proteins that bind MT are 27-kDa (mixture of several 14-3-3 subspecies) and 29-kDa (epsilon subspecies) proteins (253) . The kinase responsible for the serine phosphorylation at residue 257 is unknown, although it appears to be stoichiometric (70) . Furthermore, the binding of the 14-3-3 proteins at serine 257 does not prevent the binding of Shc at tyrosine 250. Interestingly, 257 mutants were not defective in transformation in vitro, and therefore the 14-3-3 proteins have been proposed to be part of a structural multimerization of MT rather than being involved in functional activity (70) . This was further supported by the observation that dl8 mutants of Py, which lack the sequences in MT responsible for binding the 14-3-3 proteins, were not transformation deficient but were actually more efficient at transformation than was wild-type virus (136) . The multimerization of MT, at most a dimer based on in vitro data, may be more important in vivo since serine 257 mutants are unusually low in induction of salivary gland and subcutaneous tissue tumors (70, 307) . However, the dl8 mutants were more oncogenic in animals and tumors appeared earlier than for wild-type virus (307) . The discrepancy is difficult to explain, although these two mutants could be slightly different in their resulting MT conformations. Therefore, the dimerization of MT in conjunction with the 14-3-3 proteins may act to attenuate MT-mediated signaling and thereby allow efficient spread of the virus throughout the host population prior to the complications of tumor formation, although this would support the misconception that tumorigenesis is part of the natural life cycle of polyomavirus (307) . Since 14-3-3 proteins have a plethora of potential functions, it may be difficult to ascertain the exact role of the MT-14-3-3 complex without studying Py replication in vivo or at least in the natural target cells for primary and persistent replication. Since both the tumor profile and the activity of MT on certain promoters are altered by the elimination of the 14-3-3 binding site, the MT-14-3-3 complex would appear to be important for virus replication in particular cell types (70) . This specificity is a recurring theme since each of the signal transduction pathways illustrated in this section probably acts alone or with cross talk not only in particular cell type but also during a precise time such as in the initiation of terminal differentiation.
Transcription Factor Production
Unfortunately, all of the above information was based on the ability of MT to transform cells in culture or induce tumors in mice and may be completely artificial, although it may indicate that the combined efforts of all of the MT-induced signal transduction pathways is to produce a high level of transcription factors. These transcription factors, then, are important for establishing the cellular environment for which viral replication can take place. The presence of AP-1, whose composition may be different in various cell types or conditions, and other transcription factors at a particular time during cellular differentiation could allow the virus to maintain the expression of the necessary DNA synthesis machinery by competing against nucleosomes or other cellular factors which turn off genes not required in the terminally differentiated cell. In addition, the accumulation of pertinent transcription factors could be involved in not only the viral replication but also the autoregulation of early transcription by downstream effects of MT-activated signal transduction pathways, which in turn would also directly affect viral replication.
As is expanded upon below (see "DNA synthesis"), the Py enhancer contains sites for both AP-1 and the Ets family of transcription factors. In particular, the Ras-responsive element of the Py enhancer has adjacent binding sites for Ets family members and AP-1, although the composition of fos and jun elements required for this site is still unclear. The complexity of these responses is compounded due to the regulation of MT-induced transcription factor expression by other transcription factors regulated by downstream portions of MT-activated signals (potential cross talk), for example the numerous genes, including fos and jun family members, that contain SRE, which are essentially complex Ras-responsive elements. In addition, although Ets family members are widely distributed throughout tissues, recent findings have shown that subsets are found in particular tissues, especially during development (reviewed in reference 363). Since Py probably evolved to contend with a newborn environment, this developmental expression of Ets could be important for efficient acute replication, dissemination, and establishment of persistence. Ets family members and to an extent AP-1 rely not only on differential expression to control their specificity but also on their target nucleotide sequence specificity, interaction with other differential or ubiq-uitously expressed proteins, and, as detailed above, phosphorylation-controlled activation (reviewed in references 363 and 382) . The interaction of DNA and these transcription factors therefore results in a versatile, temporal, and cell-type-specific signal that regulates gene expression (reviewed in references 311 and 364). Therefore, these multilayered and rather elegant responses allow MT to establish a time-specific response in a differentiating cell that establishes a cellular environment needed to elevate viral replication to a level required to establish and maintain persistence. As described above, a Py mutant which contains an MT protein without a membrane binding domain (MOP), thus lacking all the above-described signal transduction, does replicate in a similar pattern to wild-type virus in intranasally inoculated adult SCID-beige mice. Therefore, clearly either these time-specific signals for expression of transcription factors can be mimicked in certain situations by the cellular environment or Py replication, to some degree, does not require them. This illustrates, perhaps, that MT is only an embellisher of replication, not an absolute requirement. This latter conclusion would lead to the possibility that the role of MT may be more important in maintaining persistence than acute replication.
Genes regulated by middle T antigen. Only a few genes have been shown to be regulated by MT activation of various signal transduction pathways. The shortlist includes the already mentioned genes for fos, jun, myc, and Ets family members, as well as the urokinase-type plasminogen activator (uPA) gene (30, 319, 348) . Mice harboring an MT transgene show high levels of uPA in hemangiomas (tumors of the blood vessels), which suggested a relationship between the two (30, 231) . uPA is a secreted serine protease that converts zymogen plasminogen to plasmin and plays an important role in tissue remodeling during embryogenesis, cell migration during wound healing, angiogenesis, and tumor metastasis (30) . Interestingly, uPA is currently the only activated gene shown to be regulated by MT both in vitro (3T3 cells) and in vivo (MT-transgenic mice). The cis elements involved in uPA gene activation by MT include two composite AP1/Ets sites, which are either activated through the MT-Shc-Ras pathway or independently, perhaps through PI 3-kinase (30) .
Unfortunately, AP-1 and Ets binding sites are so ubiquitous that it is difficult to determine which proteins are actually affected by MT. This mind-boggling number is hinted at by the recent finding that many of the roughly 300 genes induced in quiescent fibroblasts after the addition of serum have an AP-1 site in their promoter (160) .
Nonphosphorylation Domains
Recently a proline-rich domain in MT has been identified as important for transformation and tumor-inducing ability without disturbing the association with PI 3-kinase or Shc, altering viral replication or immortalization in vitro, or affecting the ability of the virus to grow well in kidneys of infected mice (387) . The deletion mutant eliminated amino acids 336 to 338 in MT, a domain which appears as a possible SH3 binding domain. Wild-type virus, in this case the PTA strain of Py, induced a high frequency of salivary gland, mammary gland, thymic, kidney, and hair follicle tumors when given intraperitoneally to newborn C3H/BiDa mice whereas the mutant virus did not induce salivary, kidney or thymic tumors and induced a reduced frequency of mammary and hair follicle tumors than did an equal titer of wild-type virus (387) .
Threonines 160 and 291 and Serine 283
Although not well studied, the phosphorylated threonines at 160 and 291 and the serine at 283 of MT have been examined by mutational analysis. A mutation made in the threonine 160 (Thr3Ala) resulted in a transformation-defective mutant that still bound pp60 c-src , PI 3-kinase, and PP2A (259) . There is some evidence that threonines 160 and 291 and serine 283 are phosphorylated during mitosis by a cdc2-like kinase, possibly by the cell cycle-regulated serine/threonine kinase p34 cdc2 (259) . Unfortunately, the high expression of MT required for mapping studies occurs only during the lytic viral infection and therefore impedes the ability to synchronize cells and further study this unique phosphorylation. However, no definitive conclusion could be made about the threonine 160 mutant, since phosphorylation at this site does not completely explain the mobility shift of MT during cell cycle progression (259) . One theory is that the Thr-to-Ala mutation at threonine 160 results in an MT conformation change that causes the transformation deficiency (260) . Interestingly, the threonine 160 mutant is compensated by mutations in the serine 283 site, which may provide evidence for a complex interaction of MT with a cascade of kinases (260) . Mutants with mutations at threonine 291 (Thr3Ala) or serine 283 (Ser3Ala) were indistinguishable from wild-type MT (259, 260) . However, there is evidence that serine 283 is phosphorylated and accounts for the mobility shift of MT during mitosis (223, 274, 296) . During these studies it was discovered that it is not possible to label MT in vivo with a high enough specific activity of 32 PO 4 for detailing the phosphorylation sites by protease mapping (260) . This may impede any detailed study of the importance of these phosphorylations. These studies do present a clear indication that phosphorylation is a key to negatively or positively regulating the signal output of MT and that the cell cycle and probably the cell type may alter the kinases present that control this phosphorylation, resulting in either viral replication or cell transformation (260) .
ROLE OF MIDDLE T ANTIGEN IN VIRAL REPLICATION AND TRANSCRIPTION
DNA Synthesis
"Py-induced cellular DNA synthesis is neither preceded nor accompanied by an overall stimulation of cellular RNA synthesis nor is it followed by mitosis" (261) Py infection of highly confluent cells in culture has been frequently reported to stimulate an unscheduled round of cellular DNA synthesis (96, 372, 373) . This synthesis, however, may occur out of normal cell cycle control, and it does not involve a full round of the cell cycle since mitosis does not follow the S phase (197, 198) . However, in vivo studies in our laboratory have provided no evidence for DNA synthesis following Py infection in vivo (233) . In addition to cellular DNA synthesis, Py early genes specifically affect viral DNA replica-VOL. 65, 2001 POLYOMAVIRUS MIDDLE T ANTIGEN 303
on February 23, 2013 by PENN STATE UNIV http://mmbr.asm.org/ tion. Reports that MT mutants directly affect the ability of the virus to replicate and maintain persistence are associated with a direct implication that MT is involved in some aspect of the regulation and efficiency of Py replication (54, 114) . Before considering the direct effects of MT on Py replication, it should be remembered that the overlapping nature of the Py enhancer makes separation of transcription and replication difficult. Furthermore, MT may actually be acting indirectly on viral replication by inducing the expression of the early proteins, an aspect that can be easily overlooked when considering the effects of MT mutants on viral replication. The details of some of the features of the complex interaction between the control of both replication and transcription by the Py enhancer and the enhancement of transcription factor activation and/or expression through the stimulation of signal transduction pathways by the MT-pp60 c-src complex are given below. Middle T-antigen activation of the polyomavirus enhancer. MT is needed for high levels of viral replication (113, 343) . This requirement is probably associated with an indirect control over the performance of the Py enhancer through induction of transcription factors (enhancer binding proteins). The in vivo results which described a requirement of MT for Py replication in mice (113) have not been directly linked to an in vitro mechanism by which MT may affect Py DNA replication (18, 54) . MT-induced signaling was shown to induce transcription from reporter genes which contain PEA1 [polyomavirus enhancer A (␣) binding protein 1, the mouse homolog of AP-1 and homologous to the AP-1 recognition sequence of SV40] and PEA3 (mouse homolog of c-ets and homologous to a sequence in the Ad5 EA1 gene promoter) sites. These transcription factors are both components of the ␣ domain of the Py viral enhancer, the portion associated with Py replication activation (220, (366) (367) (368) 384) . This dependence appears to rely solely on MT (and possibly ST) since Py LT has not been associated with activation or induced expression of transcription factors found on the Py promoter (368) .
The replication origin of Py is composed of two functional components, the core component (origin) and the auxiliary component (portions of the viral enhancer named alpha [␣] and beta [␤]) (238, 239, 345) . The origin core, which includes LT binding sites, cannot function on its own even in permissive mouse cells expressing LT (173, 239, 345, 354) . The specificity of Py (as opposed to SV40) for mouse cells lies in the binding of a specific primase (DNA polymerase ␣-primase) within the origin core during the initiation of the replication complex (240, 315) . In opposition to this, the auxiliary sequences are interchangeable and can activate either Py or SV40 DNA replication in mouse or monkey cells (25) . Both regions are required for replication, although the auxiliary component at first appears redundant, since a functional Py origin requires only the origin core and either ␣ or ␤, although the redundancy may allow the virus to replicate effectively in multiple cell types with different abundances of binding factors present (147, 238) . In contrast, both ␣ and ␤ are required elements of the transcriptional enhancer (236, 238) . Binding sites in the ␣ core portion of the enhancer (24 bp) include those for PEA1, PEA2, and PEA3 (236) . In addition, a binding site(s) for NF-D (nuclear factor D)/YY1 (yin and yang 1) is located outside the core of the ␣ enhancer (51, 218, 314) . At least two of PEA1, PEA3, and PEA2 are required for Py DNA replication, although the specifics, as outlined below, are still unclear. That the majority of the same sequences that drive early transcription also drive DNA replication and that any mutations in these sequences affect both processes may illustrate how MT can be autoregulatory, as illustrated in Fig. 3 (82, 115, 116, 172,  235, 236, 239, 334, 354) .
Transcription factors, viral replication, and the serum quagmire. The dependence of Py replication on MT appears to rely on the ability of MT to increase the intracellular concentrations of both c-jun and c-fos family members (components of PEA1) and the c-ets proteins (p54 c-ets-1 , p68 c-ets-1 , and/or p58-64 c-ets-2 ) (component of PEA3) by posttranslational modification and transcriptional activation (71, 148, 171, 301, 319, (366) (367) (368) . Interestingly, as more evidence that Py early proteins evolved to work together, PEA1 has been demonstrated to synergize with LT to activate viral DNA replication (140) . Induction of PEA1 would be an expected necessity in vitro, but serum components, common to most Py cell culture experiments described, have been found to elevate PEA1 (PEBP1) and PEA3 (PEBP5) levels in fibroblast cell lines but not F9 EC cells (190, 293, 368) . The ␣ domain of the Py viral enhancer is 3.5-fold less efficient in EC cells than in fibroblasts (147, 203) . This high level of PEA1 components (c-fos and c-jun) and PEA3 (c-ets) in serum clearly explains the ability of MT mutants to grow well in 3T6 cells under normal cell culture conditions (244) . Further evidence is provided by the ability of a Py mutant lacking both transforming and immortalizing functions to grow well in 3T6 cells in serum but not in serumdeprived 3T3 cells (201) . That 3T6 cells are also a differentiating cell line only further shows why these cells are so permissive for Py replication even without a functional MT or the ability of LT to bind pRb (135, 334) . Interestingly, as mentioned above, the c-ets promoter contains binding sites for PEA1 and c-ets itself, indicating that serum stimulation would result in autoregulation of PEA3 (211) . The findings that the Py enhancer is more active due to an increase in c-jun concentration during differentiation and that Py mutants that duplicate PEA1 and PEA3 sites can grow in EC cells further support these conclusions (186, 244) . The regulation of the Py enhancer by c-jun, however, is cell type specific, with stimulation occurring in F9 EC cells and repression, due to an unknown mechanism, in LMTK fibroblasts, a potential explanation for the cell type specificity of Py replication (300). Other transforming proteins, v-src, c-HA-ras, v-mos, and v-raf, also induce the expression of PEA1 and PEA3 (367) (368) (369) . Many of these are downstream portions of MT signal transduction and therefore reiterate the MT induction of PEA1 and PEA3 expression and illustrate how MT signaling can mimic many viral oncogenes in transformation. Interestingly, c-myc, another transcription factor induced by MT signaling, was unable to induce PEA1 levels, but this may be associated with the negative regulation of the c-myc promoter by c-fos and c-jun (146, 330, 368) .
The final component of the core of the ␣ domain of the Py enhancer, PEA2, homologous to a sequence found in the fos enhancer, is bound by polyoma enhancer binding protein 2 (PEBP2), or core binding factor, a protein homologous to the Drosophila segmentation gene runt and the human gene AML1, considered a repressor not inducible by oncogene expression, serum components, or TPA (220, 245, 292, 365) . Nevertheless, another binding site which binds nuclear factor PEBP4 overlaps the PEA2 site and was determined to be responsible for the inhibition of Py specifically in F9 cells (119) . However, mutation of the PEBP4 site and not the overlapping PEBP2 (PEA2) site results in reduced replication of Py DNA in c-jun-overexpressing WOP cells, indicating a direct connection between c-jun expression and a factor which binds the PEA2 site and suppresses Py DNA replication (292) . There has been some disagreement about the role of PEBP2, with some results indicating a derepressor of the Py enhancer on differentiation and others, as mentioned above, indicating an inhibitory aspect on the enhancer that is elevated by PEA1 overexpression and binding (119, 365) . The discovery that PEBP2 becomes the replication enhancer PEBP3 in transformed cells or after treatment of PEBP2 with acid phosphatase may explain some of the contrasting observations and indicate a regulated control of this change during differentiation (167) . PEBP3 consists of various isomers made of ␣ and ␤ subunits, with the exact combination and amount being important in exerting positive or negative effects (328) . These findings establish a possible scenario for the replication of Py in vivo. MT appears to open up a longer window of opportunity and/or increase the levels of replication through production of PEA1 and PEA3, but it is not sufficient to do this on its own and needs the cellular changes involved in differentiation to create a proper balance of PEABP proteins, namely the repressor PEABP4 and repressor/enhancer PEABP2/PEABP3, needed for high levels of viral replication (and transcription).
The recent finding that the PEA1 and PEA3 sites exert their effects most strongly during early rounds of replication in vitro is supported by our findings in vivo that although MT mutants do not show high levels of replication immediately, they can eventually replicate and persist once enough cells go through differentiation cycles (as mentioned above for the SCID experiments) (54) . This recent study discussed many of the aspects important to our understanding of the ability of MT mutants to grow well in cell culture conditions, namely, high levels of serum, unusual serum conditions, cells recently released from G 0 , and use of high multiplicities of infection (54) . This paper concluded that the regulation of Py DNA replication may be closely linked to the activation of DNA replication proteins by the factors induced by MT. This reiterated earlier observations in which MT (and ST) may control viral replication. In other words, the stimulation of host cell transcription by MT (and ST) results in an increased transcription of viral mRNAs and thus in an increase in viral DNA replication through the efficient activation of the Py enhancer (222, 295, 343) . It can easily be seen how this mechanism would allow the autoregulation of early transcription by MT. An example of how the viral early proteins may alter host cell transcription is found in the high expression of PCNA in Py-infected cells of the bronchiolar epithelium (Gottlieb and Villarreal, unpublished) . This protein VOL. 65, 2001 POLYOMAVIRUS MIDDLE T ANTIGEN 305
would probably be turned off by p53 when apoptosis is triggered by deregulation of the cell cycle due to the binding of pRb by LT. However, the mouse PCNA promoter includes putative binding sites for the transcription factors PEA3, ATF, Sp1, and E2F (164, 234, 388) . Although the presence of p53 may repress the mouse PCNA promoter, the combined regulation of cellular programs by MT and LT (E2F activation) would maintain its expression (385) . c-myc. There is some evidence that counters the above concepts by demonstrating that MT transformation induces c-myc but not c-fos or c-jun levels (269) . This observation, though, was made in experiments with serum-containing culture in which neither c-fos nor c-jun components were likely to be needed (as mentioned above). Others have seen increased levels of c-myc in Py-induced tumors (144) . However, this may only be a consequence of transformation and may not be directly related to the replication of the virus in a normal state. One interesting experiment demonstrated that Py integrates into the genome in or around the c-myc gene and by doing so induces oncogenesis, at least in the mammary adenocarcinomas (26) . This, however, indicates that tumorigenesis is a consequence of overexpression of a cellular gene by integration of the Py genome and not as a result of the downstream effects of MT signal transduction. This is counterintuitive to the fact that Py not only is selecting for tumor induction but also appears to be selecting for increased viral replication.
Regulation of Transcription
In culture, the induction of c-fos, c-myc, and JE, all early response genes, is MT independent, relying instead on a combination of LT and ST (127, 392) . A biphasic response occurs in the infection of quiescent cells. VP1 binding to its receptor on the surface of cells can transiently activate c-fos, c-myc, and c-jun, similar pathways to those for MT, although this activation may not be a requirement for lytic infection (at least in vitro) (54, 123, 392) . During an in vitro infection, VP1, the major capsid protein, induces the first peak (between 0 and 1 h after adsorption of the virus) due to an interaction with the as yet unknown receptor and/or binding to the nuclear matrix, while the expression of the early region results in the second peak (12 to 33 h after infection) (392) . This latter observation was supported by the finding that Py infections in the presence of DNA synthesis inhibitors still showed the same second peak of early-response genes. Further evidence supported these findings and added c-jun to the list of early-response genes induced by Py infection in a biphasic manner (127) . These later experiments also showed that LT is virtually dispensable for the second peak and that ST seems solely responsible. However, neither set of experiments could eliminate the possibility that LT and MT transactivate the early-response gene promoters through signal transduction. Portions of VP1, though, appear to be required for efficient Py transcription and replication since they associate with the nuclear matrix-associated transcription factor YY1 and, along with other as yet identified proteins, may be important for bringing the initial transcription factors required for early transcription to the Py enhancer (252) . There are a number of studies indicating a role for the late region, both the sequences and the proteins expressed, in Py transcription and replication, although the connection to MT and the other early proteins is still be elucidated (123, 156, 199, 226) .
Although serum induction of early-response genes results in a subsequent repression of transcription, Py infection continues to induce the transcription of the early-response genes for an extended time. Serum induces the early-response genes to a 10-to 20-fold level higher than does Py infection, which may explain why MT mutants (or most early region mutants) of any kind grow equally well in replicating cell (established) cultures in the presence of serum (127) . In addition, cellular replication itself induces the expression of the early-response genes at low levels and could be a key to the tropism of Py and the high level of virus production in tumor tissue. All of the above experiments, though, were performed in culture and illustrate again the discrepancies that arise when trying to understand the true functions of the early proteins, an aspect best left to in vivo experiments.
Finally, although MT regulates the levels of PEA1 and PEA3 and these are required transcription factors for Py early transcription, replication, and late transcription, this does not explain how the shift from early to late transcription occurs. It has been postulated that the functions of LT are responsible for this shift, and our recent results (mentioned above in the descriptions of SCID experiments) support this; therefore they will not be included in this review of MT (for review of potential mechanism, see reference 388).
MIDDLE T ANTIGEN AND APOPTOSIS
Because mammalian polyomaviruses persistently infect their host, it is believed that they have devised ways to evade intracellular host defenses. In addition, viral deregulation of normal cell cycle progression is expected to induce apoptosis, suggesting that the virus must subsequently inhibit apoptosis to allow completion of viral replication (for reviews, see references 338 and 389). However, this widely held view is supported by few, if any, observations in vivo. Only a few reports have analyzed apoptosis in conjunction with productive Py infection, and of these, none have shown any in vivo observations of apoptosis in nontumorigenic systems. Our own efforts were unable to observe apoptotic cells using a number of in situ apoptosis detection systems (TUNEL, immunohistochemistry for caspase-3, etc.) on Py-infected lungs from newborn or adult intranasally inoculated mice (unpublished results). Thus, Pyinduced apoptosis in vivo remains to be established.
The high level of apoptosis in the mammary epithelial hyperplasias from transgenic mice carrying a mutated MT (Y315/ 322F) under the control of the mouse mammary tumor virus long terminal repeat provides the only in vivo claim that PI 3-kinase and its downstream activated pathways are responsible for the MT cell survival function (370) . In the same study, a dominant negative inhibitor of PI 3-kinase in mammary tumor cells expressing wild-type MT also induced apoptosis. These results, along with a number of in vitro studies, point to the activation of Akt, a protein associated with a number of antiapoptotic mechanisms, by this MT-PI 3-kinase complex as the strategy of preventing apoptosis (175, 225, 267, 325) . More recent in vitro studies expressed either MT or ST or a combination of the two in a mouse T-cell lymphoma carrying a temperature-sensitive p53. It was concluded that MT and ST cooperated to protect against p53-induced apoptosis (267) . However, the high-level expression well over natural virus infection suggests that this observation may be particular and aberrant to this system. Furthermore, the actions of Py early proteins in a T-cell lymphoma with p53 may be biologically irrelevant, since p53 expression can be quite variable and nonpredictive in Py infections, as noted by the authors of this study (266) . However, wortmannin, a specific blocker of PI 3-kinase, prevented the ability of MT to inhibit the p53-induced apoptosis, further supporting the antiapoptotic abilities of MT. This ability of MT to prevent apoptosis might explain the absence of apoptotic cells in wild-type infections. Nevertheless, we were unable to observe apoptotic cells in the lungs of adult or newborn mice intranasally inoculated with Py expressing either truncation or point mutants of MT (Gottlieb and Villarreal, unpublished) . Therefore, the biological relevance of MT mediated apoptosis remains to be established.
Virus-infected cells can also die via necrosis. A recent report studied whether an apoptotic or necrotic mechanism was evoked on viral progeny release from Py-infected 3T6 cells, the cell type most commonly used to grow and plaque Py. The study observed that a majority (40%) of the cell lysis was done through necrosis while a minor fraction (10%) was done through apoptosis (detection included electron microscopy, flow cytometry for annexin V and propidium iodide, DNA fragmentation, and caspase-3 activity). However, necrosis has not been documented for Py-infected cells in vivo. Since the capsid proteins were found to be unable to induce cell death on their own, it was proposed that the early proteins must be responsible for these actions. This result may be the first authentic indication that Py induces apoptosis. However, since most cells died of necrosis, necrosis might be important for viral dissemination.
These experiments suggest the following scenario: the binding of Rb by LT leads to the induction of apoptosis, and then because Py LT does not bind p53, the actions induced by MT inhibit apoptosis until the virus life cycle is complete, at which time the cell succumbs to necrosis, allowing the release of viral progeny. Unfortunately, this scenario is likely to be too simplistic, and the actions of MT, as discussed below, may also be responsible for the cascade of signals which ultimately leads to apoptosis. Furthermore, ST, an early protein that is as evolutionarily well conserved as LT, appears to be partly responsible for the alterations in the cell regulatory mechanisms which allow the DNA synthesis machinery to be maintained during terminal differentiation of Py-infected cells (237, 302) . In addition, recent evidence demonstrated that LT has the ability to protect against growth-inhibitory functions of beta and gamma interferon, which may help curtail the effects of the cytokine response evoked by Py infection in vivo (92, 371) . Thus, the combined actions of all of the early proteins must be considered when determining the mechanisms by which Py alters and/or inhibits apoptosis.
A number of DNA viruses are known to protect against tumor necrosis factor alpha (TNF-␣)-induced apoptosis, a cytokine secreted primarily by activated macrophages. TNF-␣ functions include induction of the inflammatory response, growth inhibition, apoptosis, and other activities (17) . The TNF-␣ studies are based on the ability of the virus to protect the infected host cell from external stimuli. Unfortunately, the only experiments demonstrating the anti-TNF-␣ functions of Py early proteins were plagued by the same validity questions as those in the above signal transduction section, namely, the overexpression of the individual viral proteins and the use of cycling, established cell lines. Furthermore, the inability of TNF-␣ to induce apoptosis in culture on its own and the rather blurred understanding of whether the TNF-␣-induced signal transduction pathways leads to growth stimulation or apoptosis adds more murkiness to the biological relevance of these experiments, but the results are nevertheless intriguing. Cell lines (C127 and L929, both mammary gland derived) were transfected with the DNA of a replication-deficient Py expressing either an individual early protein or a combination of these (27) . Expression of MT on its own was found to increase the susceptibility of the cells to TNF-␣-induced apoptosis (all treatments also included actinomycin D). The expression of both MT and ST, though, could protect against the hypersensitivity to TNF-␣ that was created by MT alone, although ST brought the levels of sensitivity back only to parental (control) levels. The cooperation of early proteins was again shown, since only coordinated expression of MT and ST from the same genome could protect against TNF-␣ hypersensitivity. The expression of all three early proteins or the expression of LT alone displayed a phenotype similar to the combination of ST and MT, in other words, the same as parental cells. The addition of TNF-␣ to MT-expressing cells resulted in the release of arachidonic acid, a mediator of the cell inflammatory response and a correlate to TNF-␣ hypersensitivity. The MTinduced hypersensitivity was explained by the proposal that the mechanism that drives quiescent cells into S phase is the same as or similar to that which increases TNF-␣ susceptibility, although these experiments showed that LT, which binds Rb and would appear to be the major driving force for S-phase induction, did not increase hypersensitivity. A few mechanisms for the MT-increased TNF-␣ susceptibility were suggested and include deregulation of c-myc by activation of pp60 c-src and the activation of stress genes through intracellular signal amplification by the Ras and/or c-jun pathways mediated by the MTShc complex or through association with PP2A (27) . The possible mechanisms by which ST returns hypersensitivity to control levels are even less well understood (see references 237 and 302 for a perspective). Signals from TNF-␣ can result in differentiation, proliferation, or apoptosis, which means that MT-induced TNF-␣ susceptibility may only be an indication that the pathways used by MT to reprogram the differentiation signaling process are tapping into those induced by TNF-␣, but the addition of actinomycin D blurs this distinction. Since actinomycin D inhibits RNA synthesis in these assays, this would indicate that MT-induced signal transduction not only alters the phosphorylation state of numerous proteins but also requires the induction of protein expression, including that of the transcription factors. In other words, downstream functions of the MT complexes with Shc, PI 3-kinase, PLC-␥1, and PP2A have evolved to send a very specific, balanced, and timed signal that probably requires cross talk to properly control its intensity and ultimate function, but the conditions of these in vitro studies are destroying the subtleties of this highly evolved equilibrium.
It is difficult to come to a conclusion about the association of MT with apoptosis, but it remains clear that the MT-associated signal transduction pathways can be demonstrated to be either anti-or proapoptotic by analysis of the wealth of functions connected to these circuits (as summarized in Fig. 2) . The main problem with a majority of these studies is that until apoptosis can be shown in a normal or MT mutant Py infection in vivo, there is no reason to assume a priori that the manipulation of circuits which may lead to inhibition of apoptosis evolved for that purpose. Most of these studies have focused on lytic infection or high, unregulated expression of early proteins, but the necessity for control of apoptosis by Py may be more associated with persistence, an aspect rarely studied and poorly funded or understood.
MIDDLE T-ANTIGEN TRANSGENIC MICE AND TUMOR DEVELOPMENT Hemangiomas
There have been a number of recombinant MT or transgenic (mostly mouse) studies which were originally designed to better understand the association between MT and transformation (for a review, see reference 258). For the most part, the tumor profile of these studies displayed a single type of tumor, hemangiomas, thereby further dismantling the concept that MT on its own is responsible for the broad tumor variety associated with the very name of polyomavirus. The first MT recombinant was made in chickens by using sequences encoding MT under the control of the Rous sarcoma virus long terminal repeat (183) . The resulting birds established tumors with a very short latency (1.5 weeks compared to the 2 months or more normally seen in susceptible mice). The predominant tumors were hemangiomas, tumors of vascular endothelium, and hemangiosarcomas in multiple locations including the skin and subcutis of the legs and wings; muscles of the neck, breast, and legs; the intestine; and the kidneys. Since the kidneys are the persistent sites of Py replication (in the mouse), they were closely examined in these transgenic chickens and found to contain multifocal adenocarcinomas. Virus (Rous sarcoma virus expressing MT) from the kidney tumors could be retrieved and used to transform fibroblasts in vitro slightly more efficiently than the virus used to infect the chickens. An interesting outcome of this study was one of the first in vivo measurements of tyrosine phosphorylation in complexes containing pp60 c-src . The investigators found an increase in phosphorylation that seemed to match the levels of MT expression in quantified tissues. MT, therefore, was shown to have a clear effect on only a particular cell type, not the expected widespread deregulation of cellular protein expression expected for a transgenic based on the number of circuits that are activated by the MT-pp60 c-src complex. Although the chicken system was important for its initiation of MT transgenics, the mouse system is more relevant to the natural biology of the virus and therefore has been studied in greater detail (2, 21, 258, 378 ). An initial study used transgenic mice (C57BL/6J ϫ DBA/2J hybrids) with a cDNA of MT under the control of the replication-defective Py early-region regulatory sequences. Similar to the chickens, these mice also developed hemangiomas consisting of blood-filled cysts ranging in size from barely visible to as large as 1.5 cm 3 within an average period of 3 months (22) . The most common sites for the hemangiomas were the liver, lungs, and subcutaneous tissue. The transgenic MT protein was expressed only in these tumors of the animals, not ubiquitously as would be expected (21) . Similarly, although hemangiomas of any type are a rarity and make up only a minor fraction of the large variety of tumors associated with Py tumorigenesis in mice, hemangiomas in similar locations to these transgenics were found when hamsters were inoculated with Py (79, 101, 102) . These studies established the difference between the tumor profile of MT and the intact virus in mice. An interesting aside to this mouse transgenic study was the observation that the same construct with cDNA for LT instead of MT resulted in no tumors over an observation period of 15 months. This suggests that the tumor profile caused by high titers of wild-type virus given to susceptible strains of newborn mice, which develop tumors of the parotid and salivary glands, thymus, mammary glands, and bone and, to a lesser extent, hemangiomas, must include cooperation among the early proteins and perhaps a dependence on viral replication. That two different promoters (Rous sarcoma virus and Py regulatory region) in two different strains of animals resulted in hemangiomas raises the issue of the nature of the complementation of endothelial cells for the expression and tumorigenesis of MT.
Another study using a recombinant retrovirus expressing MT under the control of the thymidine kinase promoter was injected into newborn mice and also resulted in the formation of cavernous hemangiomas and subsequent death of the animals within 2 to 4 weeks (178). Other studies using rodents besides mice observed hemangiomas, including Fischer rats (F344), which received fetal brain tissue transplants containing MT; as observed in mouse experiments, MT was found only in the tumorous endothelial cells (2, 377) . A contradiction to these results was the finding that transgenic mice carrying the entire early region of Py did not develop hemangiomas on a regular basis but instead developed lymphangiomas, fibrosarcomas, and bone tumors (361) . Similar to the chicken study, MT, when expressed, had detectably high levels of kinase activity, and monoclonal antibody tests demonstrated that pp60 c-src was present in these complexes (22) . These studies also established the testes as another location for MT expression but without the resultant endothelial proliferation or tumor formation. Both LT and ST under control of the virus early regulatory region and the entire Py early region in transgenic mice also displayed testicular expression (22, 361) . The expression of LT was later shown to be expressed in Sertoli and germ cells of the testes and eventually caused Sertoli cell tumors in old male mice (256) . Another observation was that a cDNA of LT under the control of the same early-region sequences caused uncharacterized pituitary tumors in some mice (22) . These latter observations could be related to a potential hormone regulation of the Py enhancer.
The tumor formation in the MT transgenic studies was both focal and of high multiplicity, often in a single organ (21, 183) . This stochastic pattern raises the question why only some individual endothelial cells overproliferate and express MT while others do not. One theory is that a second event must occur for the tumor to form, even with transgenic MT expression. This may explain the latency period in some cells or tissues, although the hemangiomas appear too rapidly to allow for a second event. A second theory is that the MT gene is tran-scriptionally inactive in the endothelial cells but in rare cases MT is expressed and leads to tumorigenesis.
A number of similar studies were performed using an MTcarrying retrovirus to infect embryonic stem cells for use in creating chimeric mice, a necessity due to the inability to yield transgenic mice from embryonic injections (178, 358, 378) . These experiments resulted in similar outcomes to the transgenic-mouse experiments above, with mice dying at midgestation from multiple hemangiomas that disrupted blood vessel formation from the yolk sac. Taking these endothelioma (End) cell lines from the chimeric embryos and injecting them into mice, rats, chicks, and quails produced hemangiomas within 10 to 18 h after injection, with 95% of the newly formed tumors originating from host cells (2, 358, 379) . This study discovered the connection between MT and the induction of uPA and to a lesser extent the reduction of plasminogen activator inhibitors, namely PAI-1 (358) . It was suggested that MT in endothelial cells acted as a single-step oncogene based on the rapidity of tumor formation, practically at the same time as the first appearance of endothelial cells during gestation. However, this ability seems to be masked and in contention with the latency period, typically 2 months in most reported studies, of tumor formation due to inoculation of wild-type virus into newborn mice. This dilemma could be resolved by the demonstration that the hemangiomas caused by injection of MTtransformed endothelial cells were the result of host cell recruitment and not, as originally expected, of the induction of hyperproliferation among the injected endothelial cells or the secretion of a growth-stimulating agent (379) .
The first study to explore the age-specific expression of MT in transgenic mice (C57BL/6 ϫ DBA2 hybrids) replaced the Py enhancer with the heavy-chain immunoglobulin E enhancer, which is known to be active only in adult tissues (279) . This was done to bypass the premature death of mice due to the MTinduced hemangiomas, which may have squelched the possibility that MT induced other tumors at a later date. MT expression was found to induce tumors in other cell types besides vascular endothelia (liver hemangiomas in this case); they included tumors of the salivary, thyroid, and mammary glands and adenocarcinomas. This tumor profile was still a fraction of those found when susceptible newborn mice are inoculated with wild-type virus. Again, the cell-to-cell replication, including levels of permissivity and cytotoxicity, of the wild-type virus and the cooperation of the three early genes are likely explanations of this difference in tumor development (279) . An interesting note in this study was that MT expression did not correspond to previously seen genes controlled by the immunoglobulin E enhancer but, rather, MT again appeared mainly in tumor tissue, as was seen when Py regulatory sequences were used.
Mechanistic Considerations
Although there is no definitive understanding of the reasons for the formation or rapidity of progression of hemangiomas in MT transgenic mice, a number of molecular mechanisms have been proposed. These are based on a number of histological and biochemical observations of MT-transformed endothelial cells and the resulting endotheliomas, including the requirement of a MT-src (src, fyn, or yes) complex, the upregulation of uPA and other alterations of the plasminogen activator system, the release of an endothelial cell derived motility factor, the expression of a number of inflammatory and chemotactic cytokines, and the upregulation of nitric oxide through induction of both endothelial cell NO synthase and inducible NOS (for a review, see reference 258). The best evidence that the signal transduction pathways induced by MT are involved in the formation of hemangiomas comes not from MT studies but from the recent finding that the chicken retrovirus ASV16 carrying an oncogenic form of the catalytic subunit (110-kDa subunit) of PI 3-kinase, v-p3k, induces hemangiosarcomas in chickens (53) . Furthermore, the induction of the hemangiosarcomas in chickens was associated with an increase in the activity of Akt and the production of both PI(3,4)P 2 and PIP 3 . Further evidence that either the Shc or PI 3-kinase pathways are involved in the formation of hemangiomas comes from studies identifying the association of MT with induction of uPA. The alterations to the plasminogen activator system were discovered through the use of End cells (MT-transformed endothelial cells) grown in a three-dimensional fibrin gel (231) . The changes associated with MT expression included the formation of large cyst-like structures instead of capillary-like tubules and the production of large amounts of uPA and no detectable PAI. As mentioned above, higher expression levels of uPA are probably a result of the increased level of transcription factors, namely, fos, jun, and the ets family, by MT induced signal transduction, in particular the MT-Shc and MT-PI 3-kinase complexes. Since uPA is a serine protease, serine protease inhibitors could reverse the effect of MT and cause the End cells to revert to the formation of branching, capillary-like tubular structures (231) . Therefore, MT deregulates the proteolytic balance of endothelial cells and favors increased proteolysis through the use of uPA, which probably degrades the fibrin matrix. This is just one example of how MT can induce hemangiomas and illustrates the complexity of determining the mechanism of action.
Mammary Tumors
The common occurrence of mammary adenocarcinomas due to Py infection in newborn mice led to studies of transgenic mice carrying MT under the control of the murine mammary tumor virus (MMTV) long terminal repeat (141) . Tumors in these mice arose in the mammary gland, salivary gland, ovaries, epididymis, and, with highest frequency, the lungs (pulmonary metastases). The unusual aspect of these transgenic mice was the short latency period (less than 30 days), which indicated that MT induces mammary tumors without the need for a secondary event, a now prevalent feature of the hemangiomas of MT transgenic studies. This study also crossed the MMTV/MT transgenic mouse with a disrupted src gene mouse and found that rapid tumor progression no longer occurred, although after a very long latency period some abnormal hyperplasia of the mammary glands did occur (142) . However, this hyperplasia was found to be due to the alternative use of MT-associated yes kinase. This finding was supported by another group, which showed similar levels of tyrosine phosphorylation of MT in mice disrupted in the src gene (340) . Mice with a disrupted yes gene undergo similar mammary tumorigenesis to MMTV/MT mice, indicating that src is the more commonly used tyrosine kinase in vivo (142) . Differing results for the other tumors were found, indicating that MT may utilize specific tyrosine kinases depending on the tissue type. These experiments indicate that there was some evolutionary discretion used in specifically selecting the src interaction, especially in the aspects of cell specificity that was established for acute and persistent replication.
The most extensive study of mammary tumorigenesis used transgenic FVB/N mice expressing various mutants of MT. Using either MT-Y250F or MT-Y315/322F, it was demonstrated that mutants retained the ability to cause mammary gland tumors with secondary tumors in the male reproductive tissues and salivary glands but displayed distinct histology. MT-Y315/322F resulted in high levels of apoptosis in mammary tissue, an important observation since this is the only in vivo proof of the antiapoptotic effects of MT. The most interesting observation, though, was the extensive mammary epithelial hyperplasia, even among the highly apoptotic tissue. In addition, the delayed onset of the mammary tumors illustrated that MT was essential but not sufficient to drive tumorigenesis. The Shc binding site was also established as being important from the observation that over one-third of the metastatic lesions had reversions of the mutant MT-Y250F to wild-type binding capabilities (370) . Although this study was one of the first to indicate that downstream portions of both the Shc and PI 3-kinase pathways are important for Py-induced tumorigenesis, it still did not address whether these stimulated pathways, cell survival and proliferation, are important for virus replication or persistence.
A recent study with transgenic mice expressing MT used a truncated MT (only the first 304 of 421 aa) and the full-length ST (103) . Instead of using the natural early promoter for Py, an enhancer from a mutant version of Py with a wide host cell range (NB11/1) was substituted (81, 185, 210) . The transgene expression was widespread, but a wide variety of tumors or even the hemangiomas normally associated with MT-transgenic mice were not present; instead, the rare medullary thyroid carcinomas developed. This MT lacked the tyrosine phosphorylation sites for both the PI 3-kinase and PLC-␥1 as well as the membrane binding domain, yet it retained the ability to induce tumors, albeit a specific type of tumor rarely associated with the Py tumor profile. This type of experiment further illustrates how muddled and distant the current Py studies are from its natural biology.
CONCLUSIONS
"It is likely that neoplastic transformation of the host is an unintended consequence of the presence of middle T" (285) The study of Py as a DNA tumor virus and the consistent focus on MT as its instigator of transformation has perpetuated the concept that this virus and its early proteins are designed specifically for tumorigenesis and that this is a natural (or nearly natural) part of the Py life cycle. However, this concept is misleading, as shown by numerous in vivo studies by others and by us. These tumors require a high titer of virus and unnatural sites of inoculations with tumor-derived Py strains into specific strains of tumor-prone inbred newborn mice born of immunologically naive mothers. None of these conditions occur naturally. These points have been nearly lost from the large segment of literature that seeks to narrowly understand the mechanism by which MT induces tumors. Also lost to this literature is an acknowledgment of the complete lack of polyomavirus-associated tumors of any mammalian (or avian) species in the wild. However, the biological reality of the Py life cycle suggests a much more intimate linkage of MT function to the specific circumstances present in newborn mouse lung, which are not likely to be understood in unrelated cell culture or in vitro models.
The initial conclusions made from our own in vivo results is that MT is an accessory factor required for Py to attain highlevel virus production in differentiating newborn mouse lung and to subsequently establish persistent infections not only in individual mice but also in mouse populations (Fig. 3) . The phased Py replication in the differentiating newborn mouse lung requires a fully functional MT. No other tissue in the mouse has displayed anywhere near this level of phased virus replication or sensitivity to MT function, which includes the adult mouse lung. Although such high-titer phased replication is not likely to occur in nature, it does identify a specific site and temporal window of high cellular susceptibility to the actions of MT. Through the complex and often redundant activation of signal transduction pathways, MT establishes a highly specific cellular environment that can rapidly and effectively replicate Py. It seems clear this is first required during the initial rounds of acute replication for the virus to set up a foothold in the mouse, and then exponential-phase replication is required for rapid (preimmune) dissemination in quantities large enough to "seed" the kidneys for persistence. Finally, the survival of the viral persistence as it passes from phases of latency to lytic replication while consistently maintaining the presence of the virus despite the immune response also requires MT. The activation of the MT-induced signal transduction pathways is likely to be important for the production of transcription factors needed in the unique epithelium of the differentiating newborn bronchioles, but it remains clear that these intricate circuits are not part of a virus life cycle that includes transformation. Figure 4 gives a summary of our in vivo studies showing the relationship between Py infection and the cell types in the mouse bronchioles. Our studies illustrate that only by studying this more natural setting will we understand the functions of MT and the other early proteins as well as the viral strategy of Py.
The study of MT and of polyomavirus in general has been fundamentally important for the understanding of basic cellular processes and has identified many interactions between viral and cellular regulatory processes. These studies, however, now require a recognition of the natural biology of MT function if they are to accurately describe how MT affects cellular regulation.
